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TTTLI!:: I)YNmIC SZE4J_URIrI'X I N  ELBOW FLOW ESrE1'Ir:RS 

L I N E  PROJECT: SWC X-gGJ 

See Annual Report  l o r  1965. 

Bydrau l ic  f a c i l i t i e s  a t  t h e  Labora tory  wcre modiEicd t o a l l o w  

the d i v e r s i o n  o f  18 c f s  puinping c a p a c i t y  ~ h r o u g h  a  22-inch clisn~erex- 

p i p e l i n e ,  E l b o w  o ,  41  was i r r s t a l i e d  i n  s e r i e s  w i t h  a v e n t u r i  hreccr 

and r e c a L i b r a t e d  t o  i n c l u d e  t igher  f low r a t e ,  

I.1 khe elbow m e t e r s  has Tor time most p a r k  been completed,  

The p r e s e n t  phase  i s  c o m e r n e d  w i t h  deve lop ing  a s u i t a b l e  low- eus  lr 

i n t e g r a t i n g  d e v i c e  tha"twil.1 o p e r a t s  w i t h  t h e  elhaw meter  attd c c r  ka Ln 

o t h e r  d i f i e r e n t i a l - h e a d  m e t e r s ,  

R e s u l t s  and t echn iques  developed were p u b l i s h e d  i n  t h e  Journa l  

r r i g a t i o a  and r a i n a g e  Divksion,  ASGE, Vol, 92, No, IR3, 

S e p t ,  3.966, pp,  17-34, by r u s t ,  under the t i t l e  

"Evaluat ion of t e r s e  " 'This e s s t n t i a  l l y  summarized 

t h e  r e s u l t s  r e p o r t e d  i n  Annrual Repor t s  1965 and 

s  a r e s u l t  of ~lms? pub l i shed  paper ,  a d i s c u s s i o n  was subnrittecl 

t o  t h e  J o u r n a l  by o t h e r s  whiclz advocated r e t e n t i o n  of t h e  s q u a r e  r o o t  
F 

form of t h e  t h e o r e t i c a l  e q u a t i o n  and a t t r i b u t i n g  d e v i a t i o n  oE c x p e r i -  

menta l  d a t a  t o  eynolds-number e f f e c t s ,  Though n o t  s p e c i f i c a l l y  r c -  

p o r t e d  i n  t h e  o r i g i n a l  p u b l i c a t i o n ,  the  advocated p rocedure  had bcen  

i n v e s t i g a t e d  and  d i s g a r d e d  because  t h e  d e v i a t i o n s  d i d  n o t  s i g n i Z i c a n t L y  

d i m i n i s h  w i t h  i n c r e a s i n g  ReynoLds nimber,  

%"he elbow clai-a was r e a r r a n g e d  t o  show tfre Reynolcls-nurnber e t i e c t r ?  

in. the ntnnnek suggcs t e d  y the aufrhor o f  the d i s c u s s i o n ,  As expcctecl ,  

t.l.re i-carranged Lots c lea r ly  show c h a t  clie d i  s c h a r g e  coeLfic icnL 

rres T O  clmngt: wi t h  i n c r c a s  ing eynoltis nitmbcr, T i ~ i s  i rlrlic.ii_~.r; 

ths"i.tlre v i s c o u s  e f f e c t s  a r e  amk a s a t i s f a c t o r y  e x p l a n a t i o n  For Line 

d e v i a t i o n  from t h e  irkleoreticak e q u a t i o n ,  I f  i t  were a  t r u e  

number e f f e c t ,  tire d e v i a t i o n s  shou ld  s ig r r i l i can t l ly  d e c r e a s e ,  i f  t-lot 

l e t e l y  d i sappedr ,  a t  h i g h e r  eynolds-number va lues  A 

Annual Report of the U.S. Water Conservation Laboratory



To v e r i f y  tllat h i g h  Reynolds numbers procluced li t i l c  ir,tprovrrnc~it, 

elbow No. 4 1  was t e s t e d  t u  R ~ y n o l d s  n m b c r s  i n  e x c e s s  01 l,O00,000, 

As w i t h  a i l  t h e  elbows, a Reynolds-number e f f e c t  can be notcd a r  v a l u e s  

below 3Q0,000, but  t h i s  does n o t  'lcconnt [or the  major deviat- . ions 

n o t e d  even a t  h igher  v a l u e s  a Elbow &lo, 42 c o n t i n ~ i e d  t o  d e v i a t e  

r e g u l a r l y  from the t r e t i c a l  eyuatiorl  even a t  t h e  v a l u e s  exceccliilg I 

tile d e v i a t i o n  was g r e a t e r ,  i n d i c a t i n g  t h a t  ;IL 

l e a s t  i r i  t h i s  range Re olds-number e f f e c t s  a r c  r e a l .  It i s  apparen t  

t h a t  a n o t h e r  errpkanatiun i s  n e c e s s a r y ,  

These devi .a t ions  may be assoc inLed  w i t h  Lhe s t r e n g t h s  o t the 

secondary c u r r e n t s  i n  t h e  end.  Assuming t h a t  two s p i r a l s  a r e  furnttd 

i n  t h e  elbow, the  e f f e c t i v e  head-d i fLerenk ia l  would d e c r e a s e  wi th  

i n c r e a s i n g  secondary f Low, T h i s  would cause  tlae f i l a m e n t  06 f l o w  

t i n 8  t h c  a v e r a g e  v c l o c i t y  t o  be c a r r i e d  outward from t h c  insicle 

p r e s s u r e  t a p  and would c a u s e  a s l i g h t  d e c r e a s e  i n  t h e  observed p r e s -  

s u r e  d i l f  e r e n t i a l s  , 

The mecl~anism f o r  c a u s i n g  secoridary f low i n  t h e  e Lbow o r i g i n a t e s  

froin a nonuaiforrn v e l o c i t y  p r o f i l e  and depends on t h e  s low-moving 

f l u i d  n e a r  t h e  boundar ies ,  T h i s  be ing  t h e  c a s e ,  a s  t h e  Reynolds nritnber 

i n c r e a s e s  the v e l o c j t y  p r o f i l e  approaches  a uniform d i s t r i b u t i o n ,  and 

thus  t h e  r e l a t i v e  i n f l u e n c e  (no t  t h e  a b s o t u t e  s t r e n g t h )  of che secondary 

c u r r e n t s  shou ld  d e c r e a s e ,  o t e ,  though, t h a t  i f  t h e  veloci . ty  p r o f i l e  

remains r e l a t i v e l y  unchanged, t h e  r e l a t i v e  izzf luence  of t h e  secondary 

c u r r e n t s  remains unchanged and a c o n s t a n t  cleviat  ion  from t h e  theo- 

r e t i c a l  e q u a t i o n  would be produced, cat l e a s t  f o r  a Limited i n t e r v a l .  of  

f low ranges .  

The above cliscussbon does n o t  e x p l a i n  t h e  o b s e r v a t i o n  t h a t  a n  

i n c r e a s i n g  v a l u e  f o r  t h e  exponent- i n  t h e  theore"rca1 e q u a t i o n  i s -  r e -  

q u i r e d  f o r  i n c r e a s i n g  elbow s i z e ,  No e x p l a n a t i o n  f o r  why t h i s  shou ld  

be associated wit-Ft s i z e  of ebbow i s  foxtl-tcowing, 

A r e p l y  c o n t a i n i n g  r e p b o t t e d  d a t a  and supporLing t h e  above p o i n t s  

i n  d e t a i l  i s  being p repared  a s  a pub l i shed  r e p l y  t o  t h e  d i s c u s s i o n  

submi t t ed  i n  response  t o  t h e  o r i g i n a l  paper ,  

s. The most s a t i s f a c t o r y  i n t e g r a t i n g  d e v i c e  

l o c a t e d  and t e s t e d  t o  d a t e  appcars  t o  be a low-cost ,  t u r b i n e - t y p e  
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water  m e t e r ,  L t  measures I ' l o w  r<tt e:; clown Lo 1/8 g a l l o n  pcr ntinttLc, 

ioolcs somewhal Like a  Iiouseliold wa le r  mete r ,  i s  ilot e a s i l y  c logged 

by sand ,  and s e l l s  l o r  under $25.00, X t  i s  a t t a c h e d  a c r o s s  t h c  elbow 

t a p s  and  r e p l a c e s  t h e  p r e s s u r e  d i f  L c r c n t i a  L s c n s  i n g  rnai1omcLcr p r c -  

v i o u s l  y  used which i s  c a p a b l e  o f  i n d i c a t i n g  f low r a t e  o n l y ,  

The il.ow through t h e  wa te r  rneler i s  p r o p o r e i o n a l  t o  t h e  s q u a r e  

r o o t  of t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  water  m e t e r ,  Ihi-lcver, 

t h e  p r e s s u r e  d i f f e r e n t i a l ,  j t s e l f ,  i.s p r o p o r t i o n a l  to  i.he s q u a r e  of 

t h e  v e l o c i t y  through t h e  elbow a p p r o x i ~ ~ ~ a t e l y  The combined r e s ~ i l a -  

i s  t h a t  t h e  recorded  r e a d i n g  a n  t h e  wa te r  mcter  i s  l i n e a r l y  r e l a t e d  

t o  t h e  t o t a l  f low t h a t  passed through t h e  'large elbow, 

Three wate r  m e t e r s  were t e s t e d  on a  t h r e e - i n c h  d iamcte r  eJbow, 

S i n c e  t h e  t h r e e - i n c h  elbows adhere  w e l l  t o  a s q u a r e  r o o t  equal:.ion, t h c  

cxpecLed L i n e a r i t y  was achieved, F i g u r e  I ,  The cxacL r e l a t i o n  depcads 

on t h e  s i z e  of manometer t a p s ,  t h e  p i p e  s i z e s  used  on t h e  wa te r  meter  

sl-runt l i n e s ,  and t h e  v a l v e s  and f i t t i n g s  i n  t h e  slzunt l i n e ,  

To de te rmine  t h e  c o r r e c t  c a l i b r a t i o n ,  t h e  wa te r  meter i s  mounted 

i n  p a r a l l e l  t o  t h e  manometer w i t h  v a l v e s  p rov ided  t o  shul: e iLher  o u t  

of t h e  system. iLe p r e v e n t i n g  f low through t h e  wa te r  mete r  by 

c l o s i n g  t h e  a  r i a t e  v a l v e ,  t h e  manometer i s  read  and t h e  d i s c h a r g e  

r a t e  c a l c u l a t e d .  Without changing t h e  d i s c h a r g e  r a t e ,  Flow i s  p e r -  

m i t t e d  through t h e  wa te r  meter  and t h e  dial.  accumula t ion  no ted  f o r  n 

measured t ime i n t e r v a l .  T h i s  r e l a t i o n  c a n  be  plotted a s  i n  F i g u r e  1, 

A d d i t i o n a l  p o i n t s  f o r  v a r i o u s  Elow r a t e s  can be  s i m i l a r l y  o b t a i n e d  

and t h e  l i n e a r  r e l a t i o n  determined l o r  any s e t  of plumbing f i t t i n g s  

and  rnanometer t a p  s i z e s ,  However, tlte t a p  s i z e s  and  p i p e  s i z e s  ntusL 

be p r o p e r l y  s e l e c t e d  t o  i n s u r e  t h a t  t h e  v e l o c i t i e s  i n  t h e  shun t  Lines 

remain above a  c r i t i c a l .  Reynolds number, o r  t h e  s q u a r e - r o o t  r c i g t - i o n  

may no t  be v a l i d ,  %~.liometer t a p s  1 / + - i n c h  i n  diainezler used wiLh a  

l / 2  - inch  shunt  Line have been s a t i s f a c t o r y  f o r  t h e  t.es ts t o  daLe, 

The t e s r i n g  equipment oL t h e  water  rnetcrs on a  l 0 - i n c h  d i a m e ~ e r  

elbow has been assembled,  brrt t e s  ts have n o t  been conducted,  S i n c e  

t h i s  elbow s i z e  does  n o t  a g r e e  w e l l  w i t h  t h e  t h e o r e t i c a l ,  s q u a r e  r o o t  

e q u a t i o n ,  a  s t r i c t l y  l i n e a r  r e l a t i o n  w i t h  t h e  w a t e r  meter  i s  d o u b h l u l ,  
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&xgever, i t shou ld  be w i t h i n  p r a c t i c a l  l i m i t s  o f  et 5 p e r c a n l ,  

A major problem wit11 tlle system i s  p a r t i a l  c logg ing  of thc: s h w r  

c i r c u i t  by Eiberous m a t e r i a l s  which clharages t h e  l i n e a r  r e l a t i o n ,  

KU AHD CONCLUSJOMS: 

Elbow f low mete rs ,  c o n s t r u c t e d  Croiii corttmercj.al, Clanged p i p e  

elbows have t h e  unique advan tagcs  of rcp1ac:irtg e x i s t i n g  elbows, a l i i  1 i L  y 

t o  measure f low i n  e i t h e r  d i r a c t j o n  and c o n t r i b u t i n g  no aclclitionnl 

head l o s s  t o  ehe p i p i n g  system,  The meter  i s  r e a d i l y  constrtrctecl  by  

d r i l l i n g  two h o l e s  a t  s p e c i f i e d  l o c a t i o n s  Lor a t t a c h i n g  a  manometer 

which i s  used t o  r e a d  o u t  p r e s s u r e  d i f f e r e n t i a l  caused by a  Cluicl 

f Lowing around a  bend, 

Two c o n f l i c t i n g  t h e o r e t i c a l  a n a l y s e s  of f low through an elbow 

f low meLcr can be reconc i  l e d ,  One mathemat ical  approach produccs an 

e q u a t i o n  c l o s e l y  approx i r r~a t ing  exper i tnenta l  r e s u l t s  but. i s  based on 

assumptions  c o n t r a r y  t o  o b s e r v a t i o n .  The o t h e r  mathemat ical  approach,  

whi le  a n a l y t  i c a l l y  more sound, d e v i a t e s  c o n s i d e r a b l y  from exper iment ,  

M o d i f i c a t i o n s  t o  tile l a r t e r  produced a n  e q u a t i o n  i d e n t i c a l  w i t h  t h c  

former wi thou t  assumptions  c o n t r a r y  t o  o b s e r v a t i o n .  T h i s  e s t a b l i s h e d  

t h e  equat  i o n a l  form used f o r  a n  e m p i r i c a l  r e l a t i o n ,  which i s  

and p e r m i t s  more c o n f i d e n Q e n e r a l i z a t i o n s  and a p p l i c a t i o n  of e x p e r i -  

menta l  r e s u l t s ,  n  t h e  above e q u a t i o n ,  k. i s  a c o n s t a n t  d e r i v e d  from 

p r e v i o u s  c a l i b r a t i o n s  on s e v e r a l  elbows of t h e  nominal s i z e  and t y p e  

under c o n s i d e r a t i o n ,  D i s  t h e  elbow d iamete r ,  g  i s  t h e  g r a v i t a t i o n a l  

c o n s t a n t ,  r i s  t h e  c e n t e r l i n e  r a d i u s  of bend f o r  t h e  elbow mete r ,  and 

E i s  o b t a i n e d  from t h e  e m p i r i c a l  e q u a t i o n  

The e m p i r i c a l  r e L a t i o n  between d i s c h a r g e  r a t e  and p r e s s u r e  d iP-  

f e r c n t i a l  f o r  u n c a l i b r a t e d  elbow f low mete rs  s l~oubd  be w i t h i n  -f- 3 p e r -  

cent when diniensional d a t a  f o r  t h e  elbow i s  a v a i l a b l e ,  

Rearrangement of t h e  o r i g i n a l  elbow-meter d a t a  and a  new t e s t  oE 

one el-bow t o  Reynolds numbers exceeding k mi l l . ion,  show t h a t  Reynolds- 

Annual Report of the U.S. Water Conservation Laboratory



numbers e f f e c t s  a r c  not  respons ib le  lor  dev ia t ions  trom the theo- 

r e t i c a l l  y der ived square-root  e q r e s s i o n ,  a s  was suggest  ed by a d i s -  

cusse r  of t h e  publ ished reportl o r i g i n a t i n g  from e l l i s  p r o j e c t ,  A l t h o t t g h  

thought t o  be r e l a t e d  Lo secondary flows in t h e  elbow, no sound ex- 

p lana t ion  f o r  v a r i a t i o n  of E w i th  elbow s i z e  has a s  ye t  been tendered.  

Low c a s t  i n t e g r a t i n g  devices  t o  be used wikh rhe elbow flow rneteK 

t o  convert  i t  from a r a t e  device  t o  a t o t a l  q u a n t i t y  meter a r c  being 

inves t iga t ed ,  A s i  l e  shunt flow system us ing  a  new type of house- 

hold water metcr s e  ing  f o r  l e s s  than $25 ,0  seems most promising, A 

s t r i c t :  l i n e a r  re la t ion .  i s  nlaintaintjcl between the  water meter and the  

flow through. a 3-im& e l  ow when the shunt system replaced t h e  d i f f e r e n t i a l -  

pres su re  s ens in  manometers, This r e l a t i o n  i s  no t  expected t o  hold a s  

wel l  f o r  l a r g e r  s i z e d  elbows wl-tic1-r do not  adhere c l o s e l y  t o  a sqrtai-e root 

a r t i a l  c logging oE t h e  shunt c i r c u i t  can cause changes i n  

c a l i b r a t i o n ,  and hence a n  e r r o r  i n  total .  f Low, i E  no t  reca l i .b ra ted  

f requent ly .  e c a l i b r a t i o n  i s  not  d i f f i c u l t  and r e  u i r e s  reading t h e  

d i f  f e r c n t i a l  r e s s u r e  a c r o s s  t e elbow with no flow going tl-irough the  

shunt ,  and comparing t h i s  t o  a  timed acc~mnrl.ation on the  water meter 

a f t e r  flow i n  t h e  shunt i s  resumed, 

A, Reploglc 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



TITLE: SOIL TEA'WNT TO INFILTRATION AND INCREASE 

PRECIPITATION RUNOFF 

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

INTRODUCTION: 

The e v a l u a t i o n  of d i f f e r e n t  s u r f a c e  t r e a t m e n t s  f o r  i n c r e a s i n g  

p r e c i p i t a t i o n  runof f  con t inued .  Observat ions  were made on e x i s t i n g  

e x p e r i m e n t a l  wa te r  h a r v e s t i n g  i n s t a l l a t i o n s  and p e r i o d i c  maintenance 

was performed a s  r e q u i r e d ,  Th is  inc luded  a  complete new s e a l c o a t  

on the  F l a g s t a f f  c i n d e r s  catchment .  D i s c o l o r a t i o n  of runof f  water 

c o l l e c t e d  from a s p h a l t - t r e a t e d  p l o t s  was measured t o  e v a l u a t e  m a t e r i a l s  

a p p l i e d  t o  a s p h a l t  s u r f a c e s  t o  reduce wate r  d i s c o l o r a t i o n  and i n c r e a s e  

t h e  l i f e  expectancy of t h e  t r e a t m e n t s .  P r e l i m i n a r y  work was s t a r t e d  

i n  e v a l u a t i o n  o f  low-cost  s o i l  s t a b i l i z e r s  f o r  u s e  wi th  wa te r  r e p e l l e n t  

s o i l  t r e a t m e n t s .  Observa t ions  and measurements were con t inued  a t  t h e  

G r a n i t e  Reef s t u d y  s i t e .  

PART I. ANALYSIS OF RUNOFF WATER: 

Reducing t h e  degree  of d i s c o l o r a t i o n  of runof f  wa te r  from a s p h a l t -  

t r e a t e d  s u r f a c e s  s e r v e s  a  two-fold purpose.  The q u a l i t y  of t h e  runof f  

w a t e r  i s  improved and s i n c e  t h e  amount of d i s c o l o r a t i o n  i s  an i n d i c a t i o n  

of t h e  r a t e  of a s p h a l t  d e t e r i o r a t i o n ,  any r e d u c t i o n  i n  d i s c o l o r a t i o n  

r e p r e s e n t s  an i n c r e a s e  i n  t r e a t m e n t  l i f e .  

Procedure .  The a n a l y s i s  of t h e  runof f  wa te r  was performed a s  

d e s c r i b e d  i n  t h e  Annual Report  1965, WCL-7. Primary i n t e r e s t  was 

g iven  t o  wa te r  samples c o l l e c t e d  from p l o t s  L-5 and L-6 a t  t h e  G r a n i t e  

Reef t e s t i n g  s i t e .  P l o t  L-5 was o r i g i n a l l y  a  two-phase a s p h a l t  t r e a t -  

ment w i t h  a  s e a l c o a t  of r o o f i n g  a s p h a l t - c l a y  emulsion a t  a  r a t e  of 

0.5 kg  a s p h a l t  m-'. It was g iven  n new s e a l c o a t  on 16 March 1966 ~f 
- 2 

RSK a s p h a l t  emulsion a t  a  r a t e  o f  0.6 kg a s p h a l t  m . Pl.ot L-6, 

which was a l s o  a  two-phase aspha1.t w i t h  a  top  s p r a y  of a luminized 

a s p h a l t ,  r e c e i v e d  a  new t o p  s p r a y  o f  a  s p e c i a l l y  p repared  t l a k e d  
- 2 

aluminum-rubber l a t e x  c o a t i n g  a t  a  r a t e  of 0.16 kg m a t e r i a l  m on 

17 February 1966. These c o a t i n g s  were not a p p l i e d  because  t h e  runoff  

from t h e  p l o t s  were d e c r e a s i n g ,  b u t  t o  pe rmi t  e v a l u a t i o n  of two o t l ~ ~ r  

p r o t e c t i v e  c o a t i n g s .  
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R e s u l t s .  The c o r r e l a t i o n  of t h e  water  c o l o r  index  was found L O  

be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  days between r a i n s  and i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  q u a n t i t y  of r u n o f f .  The c o r r e l a t i o n  i s  shown i n  

F igure  1, where t h e  days between r a i n s  d i v i d e d  by t h e  runof f  i n  ~tm 

i s  p l o t t e d  a g a i n s t  t h e  wa te r  c o l o r  index ,  The f i g u r e  i n c l u d e s  t h e  

d a t a  o b t a i n e d  f o r  f o u r  d i f f e r e n t  s e a l c o a t  m a t e r i a l s :  a  s t a n d a r d  RSK 

a s p h a l t  emulsion,  a h r o o f i n g  a s p h a l t - c  l a y  emulsion,  an  aluniinized a s p h a l t  

p a i n t ,  and a  f l a k e d  aluminum-rubber l a t e x  c o a t i n g ,  The d a t a  a n a l y s i s  

c o n s i s t e d  of computing t h e  b e s t - f i t  l i n e  by t h e  l e a s t  s q u a r e s  method 

f o r  each t r e a t m e n t ,  The e f f e c t i v e n e s s  of t h e  s e a l c o a t s  f o r  reduc ing  

wate r  d i s c o l o r a t i o n  i s  compared t o  t h e  s t a n d a r d  RSK a s p h a l t  emulsion.  

The r e d u c t i o n  i n  w a t e r  d i s c o l o r a t i o n  was 60 p e r c e n t  w i t h  t h e  c l a y  

emulsion,  80 p e r c e n t  w i t h  t h e  a l u m i n i z e d - a s p h a l t  p a i n t ,  and 93 p e r c e n t  

w i t h  t h e  f l a k e d  aluminum-rubber l a t e x  c o a t i n g ,  

These r e s u l t s  show t h e  d i s c o l o r a t i o n  of runof f  wa te r  from a s p h a l t  

t r e a t e d  s u r f a c e s  can be s i g n i f i c a n t l y  reduced wi th  t h e  p r e s e n t  t r e a t -  
- 2 

ment, which c o s t s  approx imate ly  5 c e n t s  m . The s t u d i e s  w i l l  be  

con t inued  t o  determine t h e  long-term e f f e c t i v e n e s s  of t h e  m a t e r i a l s  

and t h e  p o s s i b i l i t y  of u s i n g  them f o r  p r o t e c t i v e  c o a t i n g s  w i t h  types  

of t r e a t m e n t s  o t h e r  t h a n  a s p h a l t ,  

PART 11. OPERATIONAL FIELD CATCIIMF,NTS : 

Nelson Road catchment ,  The two-phase a s p h a l t  t r e a t m e n t  i n s t a l l e d  

on t h i s  catchment d u r i n g  t h e  summer of 1964 was c o n s i d e r e d  i n  e x c e l l e n t  

c o n d i t i o n  when i n s p e c t e d  27 September 1966. There were a  few minor 

c r a c k s  on t h e  pavement s u r f a c e .  The most s e r i o u s  c r a c k i n g  had occur red  

a t  t h e  lower edge of t h e  p l o t .  The a s p h a l t - f i b e r g l a s s  r e s e r v o i r  l i n i n g  

h a s  a  tendency t o  s l i d e  downslope and t h e  b u r i e d  edge p u l l e d  away from 

t h e  s o i l .  Repair  was performed by pour ing  MC-250 c u t b a c k  a s p h a l t  on 

each c r a c k  from a  can.  I n s p e c t i o n  of t h e  r e s e r v o i r  l i n i n g  showed no 

s i g n s  of d e t e r i o r a t i o n .  There wcrc a  few h o l e s  above t h e  water  l i n e  

which had been caused by an imals  walking on t h e  l i n i n g .  These were 

r e p a i r e d  w i t h  a n  a s p h a l t i c  c r a c k  s e a l e r .  A l a r g e  h o l e  n e x t  t o  t h e  

d r a i n  o u t l e t  was r e p a i r e d  w i t h  an  a s p h a l t - s a n d  mix covered wi th  a  b u t y l  

rubber  t a p e .  When i n s p e c t e d  i n  September 1966, t h e  l i n i n g  was h o l d i n g  

wate r .  
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g l u e  Mountain catchment. This catchment, t r e a t e d  dur ing  the 

summer of 1964, was considered i n  good condi t ion  on about 70 percent  

of the a r e a  when inspected on 28 September 1966. The upper h a l f ,  which 

has a  top spray of f l aked  aluminum on top of a  two-phase a s p h a l t  t r e a t -  

ment looked good and the  pavement was undamaged, The lower h a l f ,  

without  t he  top spray,  had d e t e r i o r a t e d  considerably dur ing  the summer, 

Bureau of Indian A f f a i r s  personnel  had mopped a  coa t ing  of d i l u t e d  

a spha l t - c l ay  emulsion on t h i s  po r t ion  of the  catchment, The coa t ing  

looked good bu t  i t  i s  n o t  known how long i t  w i l l  l a s t  because of a  

p a r t i a l l y  d e t e r i o r a t e d  basecoat ,  A t  the  p l o t  out  l e t  the pavement 

was s t a r t i n g  t o  break up, During the  year a  few small  yucca p l an t s  

grew on the  p l o t ,  b u t  these  were be ing  con t ro l l ed  by c u t t i n g  and spot  

a p p l i c a t i o n  of s o i l  s t e r i l e n t  a s  they appeared, 

Metate catchment, The t reatment  of the Metate catchment, i n s t a l l e d  

dur ing  the  summer of 1965, cons i s t ed  of 2-mil black polyethylene 

bonded t o  a spha l t  s t a b i l i z e d  s o i l .  The catchment was considered i n  

e x c e l l e n t  condi t ion  with no ho le s  o r  vege ta t ion  growth when inspected 

20 May 1966 and aga in  on 19 J u l y  1966, There were ind ica t ions  the  

a s p h a l t - f i b e r g l a s s  r e s e r v o i r  l i n i n g  was leaking when inspected on 20 

May 1966. ' f ie l i n i n g  was r epa i r ed  by brushing an a s p h a l t i c  crack 

s e a l e r  on a l l  damaged a reas  and loose seams which might be leaking .  

The e n t i r e  l i n i n g  was then sprayed with a spha l t - c l ay  emulsion. Ln- 

spec t ion  on 19 J u l y  1966 ind ica t ed  the l i n i n g  was hold ing  water .  The 

c o l l e c t e d  water was very dark brown i n  co lo r ,  s i m i l a r  t o  water c o l l e c t e d  

from aspha l t  pavements, I t  i s  be l ieved  t h a t  a spha l t  i s  migra t ing  

through the polyethylene t o  the shee t ing  su r f ace  and undergoing deter i . -  

o r a t i o n ,  The oxidized by-products a r e  then washed i n t o  the  r e s e r v o i r  

when i t  r a i n s ,  

F l aps t a f f  c inde r s  catchment. The F lags t a f f  c inde r s  catchment, 

i n s t a l l e d  during the  summer of 1.964 by s t a b i l i z i n g  the c inde r s  wi th  

RSK a spha l t  emulsion and s e a l i n g  t h e  su r f ace  with a spha l t - c l ay  emulsion, 

had weathered very we l l  u n t i l  t he  win ter  of 1965-66. Inspec t ion  on 6 

May 1966 showed the  pavement had cracked with the  c racks  averaging about 

1 cm wide on an i r r e g u l a r  g r i d  of about 1 m. The loose, uncompacted 
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c inde r s  apparent ly  had permit ted the pavement to  sh r ink  a s  the v o l a t i l e  

f r a c t i o n s  evaporated from the  a s p h a l t ,  Repair was accomplished on 1 

June 1966 by spraying the  c racks  with R3K a spha l t  emulsion, f i l l i n g  

them with c inde r s ,  and spraying  them again  wi th  emulsion, This r e p a i r  

pu t  the  pavement i n  good condi t ion ,  bu t  a d d i t i o n a l  c racking  i s  a n t i -  

c i p a t e d ,  It i s  expected t h a t  pe r iod ic  maintenance of the cracks w i l l  

be an e s s e n t i a l  i tem i n  the performance and l i f e  of the pavement. 

Mescal catchment, i s  catchment was covered with an experimental  

20-mil-thick f i l m  of modified polyethylene i n  September 1966, Inspec- 

t i o n  of the  shee t ing  on 19 J u l y  1966 showed the catchment t o  be i n  good 

shape,  There were a  few holes  caused by twigs underneath, fo rc ing  t h e i r  

way through the  shee t ing ,  The B A had been us ing  the  water c o l l e c t e d  

from the  catchment and considered i t  a  succes s fu l  i n s t a l l a t i o n ,  

This catchment, i n s t a l l e d  during the  summer 

e  20-mil modified polyethylene shee t ing ,  

Inspec t ion  of t he  catchment on 28 A p r i l  1966 showed no s igns  of d e t e r i -  

o r a t i o n  except a  few holes  made by animals and a n t s ,  These were 

r epa i r ed  and measures taken t o  c o n t r o l  the a n t s  and small  animals ,  

The water s to rage  f o r  t e  catchment had o r i g i n a l l y  been a  180,000 l i t e r  

bag made from 20-mil modified polyethylene shee t ing ,  This f a i l e d  from 

rodent  damage and the  shee t ing  i n  the  bag s t i c k i n g  toge the r ,  The bag 

was removed and the r e t a i n i n g  wa l l s  reshaped with dimensions 6 . 1  x 7 - 3  m 

bottom, 12.2 x 14,6 m top and 2.5 m deep f o r  i n s t a l l a t i o n  of a  membrane 

l i n i n g ,  On 28 A p r i l  1966 the  a r e a  was sprayed wi th  2,270 l i t e r s  of 

MC-250 cutback a s p h a l t .  On 19 May 1966 a  l i n i n g  of 20-mil modified 

polyethylene was i n s t a l l e d ,  The shee t ing  was bonded t o  the s t a b i l i z e d  

s o i l  with RSK a spha l t  emulsion. There were some problems with poor 

l ap  j o i n t s .  These were co r r ec t ed  and a  r e p o r t  i n  December s t a t e d  the  

l i n i n g  appears t o  be holding water ,  

PART 111, GRANITE REEF TESTING SITE: 

During the  summer of 1966 an underground water supply t o  a11 
- 1 p l o t s  was i n s t a l l e d ,  This system w i l l  supply 750 l i t e r s  min 

- 1 - 2 
(200-gal min ) a t  a  pressure  of 3 kg cm (40 1bs in-2)  a t  s t r a t e g i -  

c a l l y  located o u t l e t s  w i th in  the t e s t  a r ea .  The water i s  pumped from 
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a 36.6 X 12 ,2  m X 3. m deep s t o r a g e  pond l i n e d  w i t h  22-mil b l u e  v i n y l  

s h e e t i n g ,  The pond i s  kep t  f i l l e d  w i t h  wa te r  c o l l e c t e d  from s i x  of 
2 

t h e  230 m p l o t s ,  

R e s u l t s  of s t u  ies of t h e  r a i n f a l l  p a t t e r n s  w i t h i n  t h e  t e s t  a r e a  

u s i n g  a s e r i e s  of twenty- h r e e ,  7 e 6 2  cm d iamete r  r a i n g a g e s  were incon- 

c l u s i v e ,  Troub le  was encounte red  in o b t a i n i n g  w a t e r t i g h t  f i t t i n g s  

be  tween the e c t i o n  r i m  an t h e  s t o r a g e  b o t t l e s ,  Also,  t h e  p l a s t i c  

i o r a t e  and c r a c k  i n  t t ,  Subsequent ly ,  

i n  December t h e  network of 7 ameter  r a i n g a g e s  werc r e p l a c e d  

w i t h  a  network of f i f t e e n ,  2  d iamete r  r a i n g a g e s ,  150 m 

c a p a c i t y ,  on a 4 c s e  r a i n g a g e s  a r e  

i d e n t i c a l  t o  t h e  s t a n d a  gages e x c e p t  i n  t o t a l  

c a p a c i t y .  The d a t a  from t h e s e  gages,  o, 20,32 cm d iamete r  

weighing gages, one 20,32 s t a n d a r d  s t  ge, two 20,32 crn d iamete r  

ground Level gages and a  c t o r  p luv lomete r  w i l l  be  used t o  e v a l u a t e  

t h e  r a i n f a l l  p a t t e r n s  i n  t h e  f u t u r e ,  ecause  of t h e  poor d a t a  o b t a i n e d  

w i t h  t h e  7.62 c m  gages ,  t r u n o f f  from t h e  p l o t s  i s  b e i n g  compared 

t o  t h e  s t a n d a r d  20,32 s t o  e  r a i n g a g e ,  even though i t  i s  known some 

of t h e  r a i n f a l l  a t t e r n s  are v a r i a b l e ,  o r  t h e  y e a r ,  a  t o t a l  r a i n -  

f a l l  of 228,2 m was e a s u r e d  i n  29 s e p a r a t e  s to rms ,  Fol lowing a r e  

t h e  r e s u l t s  of t h e  runof f  measured from t h e  d i f f e r e n t  p l o t s ,  

. The f o u r - p l o t  test u n i t  c o n s t r u c t e d  i n  c o o p e r a t i o n  

w i t h  Esso Research Corpora t ion  of Linden, New J e r s e y  i n  December 1964 

w i t h  a  one-phase t r e a t m e n t  of a s t e r n  a s p h a l t  i s  s t i l l  performing 
- 2 

s a t i s f a c t o r i l y ,  P l o t  E-1, t r e a t e d  w i t h  1,95 kg a s p h a l t  m , averaged 
- 2 

80 p e r c e n t  r u n o f f ,  p l o t  E-2 t r e a t e d  w i t h  1,235 kg a s p h a l t  m , averagcd 

77 p e r c e n t  r u n o f f ,  p l o t  E-3,  smoothed-untreated s o i l ,  averagcd 44 - 2 
p e r c e n t  r u n o f f ,  and p l o t  E-4 t r e a t e d  w i t h  2 .2  kg a s p h a l t  m averaged 

86 p e r c e n t  r u n o f f ,  Runoff from t h e  a s p h a l t  p l o t s  i s  approximately  

10 p e r c e n t  lower than  t h e  p receed ing  y e a r ,  Even so ,  t h e  runof f  i s  

q u i t e  good c o n s i d e r i n g  t h c s e  t r e a t m e n t s  do n o t  i n c  iude a  s e a l c o a t .  

A few c r a c k s  a r e  deve lop ing  i n  t h e  pavements, 
2  

Watersheds,  The runof f  from t h e  t h r e e ,  450 m watersheds  i s  p r e -  

s e n t e d  i n  Table  1. The m a j o r i t y  of t h e  runof f  from t h e s e  watersheds  
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occur red  i n  two s torms on 17-1.8 August when the  r a i n f a l l  i n t e n s i t y  
-1 

exceeded 75 mm h r  Watersheds 1 and 2 a r e  comple te ly  u n t r e a t e d  

w i t h  r e s p e c t  t o  smoothing and b rush  removal.  Watershed 3 h a s  had t h e  

b r u s h  hand-removed w i t h  a rninintum of s o i l  d i s t u r b a n c e ,  For t h e  y e a r ,  

wa te r sheds  l and 2 y i e l d e d  30 and 23 p e r c e n t ,  r e s p e c t i v e l y ,  w i t h  

runof f  from wate r shed  3 y i e l d i n g  40 p e r c e n t ,  
2 

e  t r e a t m e n t s  a p p l i e d  t o  t h e  230 m p l o t s  

Table  2, and t h e  r e n o  f r e s u l t s  p r e s e n t e d  i n  Table  3 ,  

The bonded 1.5-mil  b l a c k  p o l y e t h y l e n e  on p l o t  L- l  i s  c o n s i d e r e d  in 

good c o n d i t i o n  a f t e r  22 mon exposure ,  It was n e c e s s a r y  t o  r e p a i r  

t h e  lower 3 f t  of t ay 1966, The f i l m  i n  t h i s  a r e a  had 

o  t h e  basecoa t  i n d  movement of t h e  s h e e t i n g  over  

u n d e r l y i n g  pebbles  wore h o l e s  i n  t e  s h e e t i n g ,  The remainder of the 

s h e e t i n g  was n o t  damaged e  e x c e l l e n t  bond between the  

f i l m  and t h e  b a s e  c o a t ,  e p a i r  c o n s i s t e d  of bonding a  s h e e t  of 4-mil  

p o l y e t h y l e n e  on top  of t h e  e x i s t i n g  s h e e t i n g  w i t h  a s p h a l t  emuls ion,  

Runoff f o r  t h e  p l o t  averaged 88 p e r c e n t  f o r  the  y e a r ,  The wate r  

c o l l e c t e d  from t h e  p l o t  i s  d i s c o l o r e d ,  The bonding a s p h a l t  i s  migra-  

t i n g  through t h e  f i l m ,  u  e r g o i n g  d e t e r i o r a t i o n  on t h e  s u r f a c e  and 

d i s c o l o r i n g  t h e  c o l l e c t e  w a t e r ,  F u r t h e r  s t u d i e s  of a s p h a l t  m i g r a t i o n  

through t h i n  f i l m s  w i l l  be  conducted,  

Runoff from t h e  smoot e d - u n t r e a t e d  p l o t  2-2 averaged 34 p e r c e n t ,  

w h i l e  runof f  from p l o t  L-3 t r e a t e d  w i t h  a  wa te r  r e p e l l e n t  d e s i g n a t e d  

R-9, averaged 7 6  p e r c e n t ,  Runoff from p l o t  L-2 has  n o t  changed 

s i g n i f i c a n t l y  from t h e  p r e c e e d i n g  y e a r  b u t  runof f  from L-3 has  de- 

c r e a s e d .  A d e t a i l e d  s t u d y  of t h e  d e g r e e  of wa te r  r e p e l l e n c y  on t h e  

p l o t  was checked i n  November 1966, A r e c t a n g u l a r  g r i d  on a  1.53 m 

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

g r i d  i n t e r s e c t i o n s ,  i n c l u d i n g  t h e  p l o t  boundar ies ,  f o r  a t o t a l  of 121 

p o i n t s ,  P o i n t s  were c o n s i d e r e d  t o  r e p r e s e n t  t h e  f o l l o w i n g  a r e a s :  i n -  
2 2 

t e r i o r  i n t e r s e c t i o n s  - 2,33 m , boundary i n t e r s e c t i o n s  - 1.16 m , and 
2 

c o r n e r s  - 0.58 m . The f o l l o w i n g  c r i t e r i a  were used f o r  d e f i n i n g  t h e  

degree  of r e p e l l e n c y ,  

Zero - water  soaked r a p i d l y  i n t o  s o i l ,  
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S l i g h t  - s o i l  su r f ace  was wetted but  i n f i l t r a t i o n  was slow. 

P a i r  - sand and g rave l  on the  s o i l  su r f ace  was wetted but  

water d id  no t  soak i n t o  underlying s o i l ,  

Good - s o i l  su r f ace  h igh ly  water r e p e l l e n t .  

On t h i s  bas i s ,  the p l o t  a r e a  i n  the va r ious  ca t egor i e s  was: zero - 8, 

s l i g h t  - 19, f a i r  - 44, and good - 29 percent .  Almost a l l  of t he  ze ro  

and s l i g h t l y  r e p e l l e n t  a r eas  were i n  the  upper one-third of the  p l o t ,  

The lower two-thirds  of the  p l o t  was almost a l l  f a i r  t o  good, This 

p a t t e r n  i n d i c a t e s  t h a t  e ros ion  may have removed a  cons iderable  p a r t  

of the water r e p e l l e n t  s o i l  from the  upper a r t  of rhe p l o t  wi th  much 

l e s s  e ros ion  and some depos i t i on  on the  lower p a r t  of t he  p l o t ,  

Sand and g rave l  on the  p l o t  su r f ace  was r a r e l y  water r e p e l l e n t ,  

Subsequent t e s t s  showed the g rave l  t o  be s i  iceous wEth a  very  t h i n  

s u r f a c e  coa t ing  of ca lcareous  m a t e r i a l ,  The water r e p e l l e n t  reached 

wi th  the  su r f ace  m a t e r i a l  t o  form a hydrophobic coa t ing  t h a t  was noL 

chemical ly bonded t o  t he  g rave l  and could be washed o f f  by ra indrop  

impact. Although t h e  underlying s o i l  was s t i l l  hydrophobic, the  

depos i t s  of wet tab le  g rave l  apprec iab ly  increased r e t e n t i o n  of water 

on the p l o t  su r f ace ,  

Evidence of non-uniform a p p l i c a t i o n  of the chemical t o  the  p l o t  

su r f ace  was a l s o  found, When the  sur face  s o i l  was scrapcd oPf t o  a  

depth of about 2 mm, s p o t s  of wet tab le  s o i l  were located i n  a r eas  of 

hydrophobic s o i l ,  The o r i g i n a l  s o l u t i o n  a p p l i c a t i o n  was made by 

spraying a t  a  r a t e  exceeding the  i n f i l t r a t i o n  r a t e ,  In  r e t r o s p e c t ,  

i t  i s  obvious t h a t  s o l u t i o n  d i s t r i b u t i o n  was a f f ec t ed  by small  v a r i a -  

t i o n s  i n  su r f ace  e l e v a t i o n ,  Solu t ion  ran  of f  the s l i g h t l y  h igher  

s p o t s  and c o l l e c t e d  i n  minor depress ions .  Accordingly, t he  h igh  

spo t s  received a  r e l a t i v e l y  l i g h t  a p p l i c a t i o n  c r e a t i n g  a  shal low - 

depth of hydrophobic s o i l  t h a t  could be removed by r e l a t i v e l y  minor 

e ros ion ,  

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

tanks was d r i ed  and weighed f o r  a l l  storms 30 January 1966 through 
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13 September 1966. For t hese  scorrns, p l o t  L-2 eroded 7 . 4  g  s o i l  per  

l i t e r  of runoff and p l o t  2-3 eroded 4,2 g s o i l  per l i t e r  of runof f .  

This i s  an increase  i n  e ros ion  over the preceeding year  where L-2 

eroded 2-0 g  per l i t e r  of runoff  and 2-3 eroded 3 . 2  g  per l i t e r  of 

runof f ,  Over 80 percent  of the  e ros ion  occurred i n  the  two storms 

on the  17-18 August 1 P a r t i c l e  s i z e  ana lys i s  of the eroded s o i l  

c o l l e c t e d  from the p l o t s  shows the  p a r t i c l e  s i z e  d i s t r i b u t i o n  has not 

s i g n i f i c a n t l y  changed s i n c e  Por p l o t  2-2 t he  d i s t r i b u -  

t i o n  i s  roughly 40 percent  sand, 50 percent  s i l t  and 10 percent  c l a y ,  

For p l o t  L-3 the  d i s t r i b u t i o n  i s  50 percent  sand, 45 percent  s i l t  and 

5 percent  c l a y ,  The r e su lks  of the e ros ion  s t u  i e s  and p a r t i c l e  s i z e  

ana lys i s  i s  presented i n  Table 4 ,  

Reduction i n  the  r a i n f a l l  runoff from p l o t  2-3 can be a t t r i b u t e d  

t o  t h r e e  f a c t o r s  : 

1, Inadequate a p p l i c a t i o n  of water r e p e l l e n t  t o  some p a r t s  of 

the p l o t ;  

2 ,  Erosion of water r e p e l l e n t  s o i l  from upper p a r t s  of the p l o t ;  

3 ,  Erosion developed depos i t s  of s i l i c e o u s  g rave l  t h a t  were 

not made permanently hydrophobic by the chemical,  

The above problems can be e s s e n t i a l l y  solved by us ing  a  s o i l  s t a b i l i z e r  

t o  s t o p  e ros ion  and by a p p l i c a t i o n  of t he  chemical a t  a r a t e  l e s s  than 

the  i n f i l t r a t i o n  r a t e  of the  s o i l ,  Prel iminary labora tory  t e s t s  have 

shown t h a t  s e v e r a l  promising low-cost so i l .  s t a b i l i z e r s  a r e  compatible 

with R-9 so  t h a t  both m a t e r i a l s  can be appl ied  i n  a  s i n g l e  s o l u t i o n .  

The most encouraging observa t ion  was the  f a c t  t h a t  about 30 percent  

of the p l o t  su r f ace  was s t i l l  h igh ly  water r e p e l l e n t  a f t e r  exposure 

t o  h igh  s o l a r  r a d i a t i o n ,  r a i n f a l l ,  and r e l a t e d  d e s t r u c t i v e  fo rces  

f o r  16 months. 

The runoff from p l o t  2-4, Lhe b u t y l  shee t ing  s tandard ,  averaged 

99 percent  f o r  the  yea r ,  The cover has no holes  a t  p resent ,  but  i s  

showing s igns  of "challcing", which i s  an ind ica t ion  t h a t  the  one-year- 

old b u t y l  shee t ing  i s  d e t e r i o r a t i n g .  The magnitude of the  d e t e r i o r a -  

t i o n  i s  no t  p re sen t ly  known, 
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The runoff from both the two-phase a spha l t  t reatment  p lo t s ,  L-5 

and L-6, averaged 98 percent  f o r  the yea r .  Both of these  p l o t s  were 

given new su r face  t rea tments  t h i s  year  i n  conjunct ion with s t u d i e s  

i n  reducing the  d i s c o l o r a t i o n  of the runoff water ,  The cond i t i on  of 

t he  previous coa t ings  a s  considered t o  be e x c e l l e n t  a t  time of 

r e t r ea tmen t ,  

The cover on p l o t  L-7 of 10-mil lack,  modified polyethylene 

i n  ;Tune 1965, underwent s e r i o u s  d e t e r i o r a t i o n  t h i s  year ,  

p a r t i a l l y  as a r e s u l t  of i n s t a l l i n g  the  shee t ing  under tens ion .  At 

a reas  of high s t r e s s ,  smal l  ho les  formed which e en increased  i n  

s i z e  u n t i l  the  tens ion  i n  the  immediate m a t e r i a l  was r e l i e v e d ,  Even 

with many holes  i n  the  shee t ing ,  t he re  was no damage by wind a s  the 

bonded a rea  between ho le s  prevented any movement of the  shee t ing .  

The w n o f f  from the  p l o t  f o r  t h e  year  averaged 8Q percent ,  showing 

the  pavement below the  shee t ing  was i n  good cond i t i on ,  

The d e s c r i p t i o n  of these  p l o t s  i s  pre-  

sented i n  the Annual Report of 1965, WCL-7. P l o t s  R-4, R-5, and R-6  

were t r e a t e d  i n  May 1966, The runoff from the  f i v e  remaining p l o t s  

averaged approximately 40 percent  runoff from both 10 and 20 percent  

s l o p e s ,  Measured e ros ion  from these  p l o t s  f o r  storms through 13 

September 1966 was 12,9 g sediment per  l i t e r  of runoff f o r  the  20 

percent  s lopes and 10 ,1  g sediment per  l i t e r  of runoff f o r  t he  10 

percent  s lopes ,  which compared t o  7.4 g sediment per l i t e r  of runoff 

f o r  p l o t  L-2 which has a  5 percent  s lope .  The inc rease  i n  e ros ion  

t h i s  year compared t o  l a s t  year  can p a r t i a l l y  be a t t r i b u t e d  t o  the 

high i n t e n s i t y  storms of 17-18 August 1966. P a r t i c l e  s i z e  a n a l y s i s  

of the eroded s o i l  from these  p l o t s  f o r  a  per iod of sampling from 

17 August 1965 t o  13 September 1966 show the c l ay  and s i l t  conten; 

has  decreased with a  corresponding increase  i n  t he  sand content .  

The s i z e  d i s t r i b u t i o n  i n  September 1966 was approximately 45 percent  

sand, 45 percent  s i l t  and 10 percent  c l a y ,  

Blot R-4 was t r e a t e d  13 May 1966 with sodium carbonate  a t  a  r a t e  

of 44.9 g m-' (4.00 lb  acre-') i n  a  10 percent  water s o l u t i o n .  P lo t s  
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R-5 and R-6 were t r e a t e d  10 May 1966 with the water r e p e l l e n t  R-9, 
- 2 

a t  a  r a t e  of 56.1 g m (500 l b  acrew1) a s  a  10 percent  s o l u t i o n  

combined with a  low-cost rubber l a t e x  s o i l  s t a b i l i z e r ,  a t  a  r a t e  of 

37.5 g s o l i d s  per  mZ (390 lbs  acre-'). The runoff r e s u l t s  from the  

th ree  t t e a t e d  r idge  and furrow p l o t s  and an un t r ea t ed  check of R-2 

a r e  presented i n  Table 5. From 1 January 1966 through 16 Apr i l  1966, 

when a l l  p h t s  were un t r ea t ed ,  runoff was 26j 21, 17 and 18 percent  

f o r  p l o t s  R-3, Rd5, and -6, r e spec t ive ly .  From 17 Apr i l  1966 

through 31 Dec 6, a f t e r  t reatment ,  t e  runoff was 48, 70, 

78 and 70 percent  f o r  the p l o t s  r e s p e c t i v e l y ,  Erosion measurements 

from 17 August 1965 through 26 1966, and 27 March 1966 through 

13 September 1966, show the c o l l e c t e d  sediment i n  t he  tanks increased  

from 5.0 t o  11 g per  l i t e r  of runoff on p l o t  R-2 and on p l o t  R-4 in-  

c reased  from 4,O t o  12,0 g per  l i t e r  of runof f ,  There was no c o n s i s t e n t  

change i n  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  This i n d i c a t e s  t he  s a l t  t r e a t -  

ment w i l l  increase  runoff bu t  docs not  s i g n i f i c a n t l y  i.ncrease e ros ion .  

For the  same periods,  the  e ros ion  on p l o t  R-5 decreased from 7.6 t o  

4 , l  g per  l i t e r  of runoff and on p l o t  R-6 decreased from 16.9 t o  4.7 g 

per  l i t e r  of runof f ,  Again, t he re  was no c o n s i s t e n t  change i n  p a r t i c l e  

s i z e ,  These r e s u l t s  show the  combination of the  low-cost water r epe l -  

l e n t  i n  combination wi th  a  low-cost s o i l  s t a b i l i z e r  can inc rease  

runoff and a t  the  same time reduce the e ros ion  hazard ,  The degree of 

s o i l  s t a b i l i z a t i o n  was no t  considered s a t i s f a c t o r y .  

SUMMARY AND CONCLUSIONS: 

Analysis of d i sco lored  water c o l l e c t e d  from aspha l t  pavements 

sprayed with four  d i f f e r e n t  su r f ace  coa t ings  have shown t h a t  the 

d i s c o l o r a t i o n  can be s i g n i f i c a n t l y  reduced by a p p l i c a t i o n  of Low-cost 

p r o t e c t i v e  coa t ings  t o  t he  a s p h a l t  su r f ace .  Studies  a t  Grani te  Reef 

have shown t h a t  a  s p e c i a l l y  prepared aluminum coa t ing  can reduce the  

d i s c o l o r a t i o n  by over 90 pe rcen t ,  These coa t ings  serve  a  two-fold 

purpose, One, b e t t e r  q u a l i t y  water i s  obtained,  and two, by reducing 

the  r a t e  of d e t e r i o r a t i o n ,  the  l i f e  of the  base m a t e r i a l  i s  increased .  
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Wirh the except ion of the Flags t a f f  c inders  cat-chmenL, a l l  ~ l r e  

experimental  ope ra t iona l  catclments  have perfonr~ed s a t  i s f a c l o r i  l y  , 

A t  t h e  F l ags t a f f  catchment i t  was necessary t o  perform cons iderable  

maintenance. Drlring the  wirrLcr of 1965-1966 the pavement had developed 

numerous shrinkage c racks ,  These were r epa i r ed  by spraying the  c racks  

wi th  RSK a spha l t  emulsion, f i l l i n g  wi th  c inde r s  and then respraying  

wi th  RSK a t  a t o t a l  c o s t  of about 10 cen t s  per square yard ,  The 

r e s u l  t i n g  'pavement i s  i n  e:tcel.lent ci>stdit-ion, It i s  expected o the r  

c racks  w i l l  develop wi th  time, but  i t  has been shorn t e c racks  can be 

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

Observations of t he  Blue Mountain catchment have shown t h a t  a 

p r o t e c t i v e  coa t ing  of f lakcd alumirau~n w i l l  i nc rease  the l i f e  of the  

a s p h a l t  pavements. The por t ion  w i t h o u t t h e  top spray had d e t c r i o r a t c d  

a f t e r  two years  exposure and was r e t r e a t e d  with a spha l t - c l ay  emulsion, 

T t  i s  n o t  known lzow Long t h i s  w i  L l  l a s t  as  the  basecoat  i s  not. i n  good 

cond i t i on ,  The pavement of the Nclson Road catchment i s  i n  excellcxzt 

condi t ion  af Ler Lwo years  and expccted t o  1.as"rmany years  il: pe r iod ic  

maintenance i n  c o n t r o l  oT wceds rind r e p a i r  of cracks i s  pcrformed, 

The 14-month-old 1,5-miL b l ack  polyethylene on the Metate ca tch-  

ment i s  i n  e x c e l l e n t  cond i t i on  and expected t o  l a s t  s eve ra l  years  un le s s  

the r a t e  of d e t e r i o r a t i o n  r a p i d l y  inc reases ,  The a s p h a l t - f i b e r g l a s s  

l i n i n g  of t he  r e s e r v o i r  was resprayed t o  s t o p  the  lo s s  of water  by 

seepage from t h e  lap  j o i n t s ,  

The 20-rrdl experiments 1-modif i e d  polyethy lene on the Mescal and 

San Vicente catclments  i s  performing wi th  e x c e l l e n t  r e s u l t s  a f t e r  one 

yea r ,  There have been no s igns  of d e t e r i o r a t i o n  on e i t h e r  of these  

catchments,  The s to rage  r e s e r v o i r  a t  San Vicente was l i n e d  wi th  the 

shee t ing  bonded t o  t h e  s o i l  wi th  asphaLC, A t  p resent?  t h i s  i s  perform- 

ing  s a t i s f a c t o r i l y ,  

A t  the Grani te  Reef t e s t i n g  s i t e ,  an underground water  supply 

system was in s  t a l k  t o  f u r n i s h  water t o  a l l  t h e  p l o t s ,  The water i s  

pumped from a vinyl. l i ned  pond which s t o r e s  water c o l l e c t e d  on s i x  of 

t he  p l o t s  during r a i n s  torms, 

7 - 1 1  
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t i o n  

good 

from 

1963 

were 

Runoff from th ree  p l o t s  t r e a t e d  i n  1964 with a  one-phase app l i ca -  

of Eas te rn  a s p h a l t  i s  g radual ly  dec l in ing ,  Thc runoff i s  s t i l l .  

when coasiderf,ng t h a t  the p l o t s  do no t  have a s e a l c o a t ,  Runoff 
2 .  

tn p l o t s  t r e a t e d  w a two-phase a spha l t  treatnrcnt i n  

y ie lded  e s s e n t f a i d y  1 e r c e n t  runoff  f o r  t h e  yea r ,  These plotrs 

given new top spray  coats i n  our s t u  i e s  i n  eva3.uctting and reduc- 

i n g  t h e  d i s c o l o r a t  on of runoff water from asp  a l t  t r e a t e d  s u r f a c e s ,  

T h i s  %m.s no t  necessary f o r  maintenance of h igh  runoff  performance, 

22 months of ex 

va t ions  of t h e  s i c a t e  t h e  butye i s  s t a r t i n g  

t o  d e t e r i o r a t e ,  The bond@ 3.0-mil modified, b1.ack polyethylene in-  

s t a l l e d  i n  June 1.965 u a  erwent s e r i o u s  e t e r i o r a t i o n  t h i s  yea r ,  The 

r ap id  r a t e  of d e t e r i o r a t i o n  i s  a  r e s u l t  of i n s t a l l i n g  the  shee t ing  

under Lension, 

%%e runoff from the  smoothed-utltreated p l o t  continued t o  average 

approximately 34 percent  while  t he  runoff  from a simil.ar p l o t  t r e a t e d  

wi th  a low-cast water r e  e l l e n t  i n  A u g ~ s t  1965 averaged 76 pe rcen t ,  

A detaiLed s tudy on the p l o t  i n d i c a t e s  thc degree of water  r epe l l ency  

i s  decreas ing  because of uneven i n i t i a l  t reatment ,  minor e ros ion ,  and 

f a i l u r e  of: the  clzenxical. "c render  s i l i c e o u s  f i n e  g rave l  permanently 

hydroplaobi c  , Analysis of sediment co3.2ected in  t he  tar&. shows the 

p a r t i c l e  s i z e  d i s t r i b u t i o n  and q u a n t i t y  of e r o  ed s o i l  i s  not  s i g n i -  

f i c a n t  l y  d i f  f c r e n t  than from the smoothed-untreated p l o t ,  

Runoff from t h e  r idge  and furrow pl.ots shows t h a t  i nc reas ing  t h e  

s lope  from 10 t o  20 percent  does not  i nc rease  runof t  u t  does i nc rease  

e ros ion ,  i~na1ysj.s of eroded sediment slzows the p a r t i c l e  s i z e  d i s  t r i -  

b u t i o a  has gra&ai%y changed wi th  an inc rease  i n  sand content:, A r i d g e  

and furrow p l o t  c r ea t ed  wi th  s a l t  has had a s i g n i f i c a n t  i nc rease  i n  

runoEf but  no s i g n i f i c a n t  i nc rease  i n  e ros ion ,  ' h o  s i m i l a r  p l o t s  

t r e a t e d  with R combination low-cost water  r e p e l l e n t  and low-cost s o i b  

s t ab iL ize r  increased  runoff  and a t  t hc  same time reduced e ros ion ,  

PERSONmL: L, E ,  r"lyers, 6 ,  W, P r a s i e r  

7-12 
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2 
TABLE 1. Runoff from 450 n Watcrsheds at G r a n i t e  Keef T e s t i n g  S i t e  

1966 

17 Jan 

1.8 J a n  

30 Jan 

7 Peb 

8 Peb 

10  Feb 

26 Mar 

1.6 Apr 

19 Jun  

20 JuZ 

22 J u l  

29 J u 1  

11. Aug 

1.7 Aug 

18  Aug 

29 Aug 

1.2 Sep 

12 Sep 

12-13 Sep 

13 Sep 

4 O c t  

4 O c t  

7 O c t  

7-8 k t  

9 Nov 

5 Dec 

7 Dec 

26 Dec 

TOTAL 
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TABLE 2. Treatments on 230 m 2  P l o t s  a t  Gran i t e  Reef Tes t i ng  S i t e  

P l o t  Treatment d a t e  Treatment 

25 Jan  L965 

L-6 19 Apr 1963 

Mczy 1963 

9 J u l  1963 

22 Jan  1965 

l7  Feb 1966 

Black polyethylene,  1 ,5  m i l  bonded 

w i t h  a mix ture  o f  -70 and MC-250 a t  1 - 2  kg 

15 m i l  

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

emulsion a t  0 ,5 kg a s p h a l t  m 
- 2 

RSK a s p h a l t  emulsion a t  0 ,6  kg a s p h a l t  m 
-2 

t l , 5  kg a s p h a l t  m 

S-2 s p e c i a l  a s p h a l t  emulsion a t  

i t h  3 percent  b u t y l  l a t e x  

S - l  a t  0,5  kg a s p h a l t  m 
2 

with  3 percent  b u t y l  l a t e x  
- 2 

Plaked aluminum a t  0 - 0 8  kg s o l u t i o n  m 

hlurnin~m coa t ing  TS-A-1 a t  0 ,16  kg 
- 2  

m a t e r i a l  rn 
- 2 

RC-Special a t  2,0 kg a s p h a l t  m 

Modified poiyethYlene f i lm,  10 m i l  

onded wi th  S - l  a t  0.7 kg a s p h a l t  m-2 
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2 TABLE 3. Runoff Resul t s  from R a i n f a l l  on 230-m , P l o t s  a t  Grani te  Reef Tes t ing  S i t e  (continued) 

Date 
T o t a l  L- 1 L- 2 L- 3 L-4 L- 5 L- 6 L- 7 

R a i n f a l l  runoff  runoff runoff runoff runoff  runoff runoff 

1966 

12 Sep 

12 Sep 

12-13 Sep 

13 Sep 

4 Oct 

4 Oct 

7 Oct 

7-8 Nov 

9 30, 

5 Dec 

/ Dee 

26 Dec 

TOTAL 

lJ Water r an  i n t o  tank from ou t s ide )  m n o f f  est imated a t  100 percent ,  

21 Meter stopped, runoff  es t imated  a t  100 percent ,  - 
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TABLE 4, Results of Pa r t i c l e  Size Analysis of Eroded So i l  from Plots L-2 and L-3 a t  the Granite Reef Testing S i t e  

Plot  L-2 P1ot E-3 
S t o m  Total 
Date Rainfal l  Runoff Erosion Pa r t i c l e  Size Analysis Runoff E m s  ion P a r t i c l e  Size Analysi: 

19 Sep 1965 7.2 1,7 10.0 5 ,9 18,4 67.6 L4,8 7 -9  48,9 . 2 57, 39.1 3,9 

8 t o  29 Dec 166.4 83.5 114,l 1.4 50.0 45,8 4 -2  136-8 2 1,9 48.0 47,6 4.4 
1965 

3 0 J a n t o  10 33.9 3.1 1.9 0,6 64.5 29,2 6.3 28,3 8,3 0.3 57.8 35.9 6.3 
Feb 1966 

26 Mar 1966 5 .7 0,3 2.9 9.7 75.3 19,7 5 -0 4 ,1  1-9 0 3  38,7 51.3 10.0 

17-18 Aug 1966 77.6 44.5 469,k 10.5 44,2 50-0 5.8 63 , l  466.1 7 ,4 37.3 56.7 6 .O 

12-13 Sep 1966 51.0 24.0 55.4 2 ., 3 46.4 45.0 8.6 41.9 96.4 2,3 53,2 39.3 7.5 
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TABLE 5, Runoff r e s u l t s  from r i d g e  and furrow p l o t s  a t  Gran i t e  Reef 

- - -  - . - -  

T o t a l  R- 2 R- 4 R-5 R- 6 
Runoff. . ,Runoff Runoff RunoSf 

1965 

17 Jan 

18 Jan 

30 Jan 

7 Feb 

8 Feb 

10 Feb 

2 Nar 

26 Mar 

16 Apr 

19 Sun 

20 J u l  

22 J u l  

29 J u l  

11 Aug 

17 Aug 

18 Aug 

29 Aug 

12 Sep 

12  Sep 

12-13 Sep I 

13 Sep 

4 O c t  

4 Oct 

7 Oct 

7-8 Nov 

9 Wov 

5 Dec 

7 Dec 

26 Dec 

TOTAL 
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Water Color 
KSK Err~uls Lou 

A::phal c-  
c lay  enmlsian 

A l ~ i w n i  z e d -  
asphal t  p a i n t  
Rubberized- 
alunrinum paint  
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TITLE : APPLICATION OF HEXADECANOL- OCTADECANOL MONOFILmS TO SMALL 

PONDS 

LINE PROJECT: SWC VII-gG2 CODE NO. : A r i z  . -WCL-9 

INTRODUCTION: 

Previous  s t u d i e s  had shown t h a t  i t  was p o s s i b l e  t o  p r e p a r e  a 

s t a b l e ,  long-chain  a l k a n o l  d i s p e r s i o n  t h a t  would s p r e a d  i n t o  an  

e f f e c t i v e  e v a p o r a t i o n  r e d u c i n g  monolayer on a  wa te r  s u r f a c e .  Th is  

d i s p e r s i o n  was ex t remely  s t a b l e ,  b u t  i t  was necessa ry  t o  u s e  d i s t i l l e d  

wa te r  f o r  p r e p a r a t i o n .  Concen t ra ted  mixes were q u i t e  v i s c o u s  and 

became u n s t a b l e  when d i l u t e d  w i t h  e i t h e r  d i s t i l l e d  o r  t a p  w a t e r .  

Recent s t u d i e s  were concerned w i t h  f o r m u l a t i o n  of a  c o n c e n i r a t e d ,  

long-chain  a l k a n o l  d i s p e r s i o n  i n  t a p  w a t e r  which could  e a s i l y  be 

d i l u t e d  w i t h  t a p  wate r  t o  make a  s t a b l e ,  lower v i s c o s i t y  d i s p e r s i o n  

f o r  u s e  w i t h  s imple  a p p l i c a t i o n  equipment. 

PROCEDURES : 

A l l  of t h e  a l k a n o l  d i s p e r s i o n s  were prepared by t h e  same b a s i c  
0 

p rocedure .  The a l k a n o l  was mel ted  by h e a t i n g  t o  53-55 C .  One p a r t  

s u r f a c t a n t  t o  10 p a r t s  a l k a n o l  by weight  was added. The s u r f a c t a n t -  
0 

a l k a n o l  was s t i r r e d  i n t o  wa te r ,  p rehea ted  t o  55-57 C, wi th  L I  wirc -  

baskeL Lypc b e a t e r  on a n  ecccnLr ic - type  mixer  set. a t  n s low s p c c d .  
0 

Mixing was con t inued  u n t i l  t h e  d i s p e r s i o n  had coo led  t o  about  35 C .  

The r e l a t i v e  v i s c o s i t i e s  of d i f f e r e n t  d i s p e r s i o n s  and d i l u t i o n s  

were measured w i t h  a  f a l l i n g  head,  tube- type  v i s c o m e t e r .  This  con- 

s i s t e d  of a  3.8 cm d iamete r  v e r t i c a l  p l e x i g l a s s  t u b e  w i t h  a  12 .3  c m  

long  d i s c h a r g e  t u b e  s e t  i n  a rubber  s t o p p e r  a t  t h e  lower end.  Two 

s e p a r a t e  d i s c h a r g e  t u b c s  of 0 .325 and 0.480 c1t1 I . D .  were used.  The. 

viscome t e r  was f i l l e d  w i t h  t h e  a l k a n o l  d i s p e r s i o n  and Lhen allowed Lo 

d r a i n  through t h e  d i s c h a r g e  tube i n t o  a beaker  s e t t i n g  on a  weighing 

b a l a n c e .  Simultaneous measurements of t h e  weight  oE c o l l e c t e d  materi 'kl 

and t h e  time r e q u i r e d  f o r  t h e  t o t a l  head t o  change from 25.0 Lo, 21.0 cm 
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. were recorded. Yhe v i s c o s i t y  i n  poises  was c a l c u l a t e d  by the formula, 

where p = v i s c o s i t y  i n  poises  

d  = I . D .  of d i scharge  tube i n  cm 

hL = 
average t o t a l  head i n  cm 

- 3 
y = u n i t  weight of m a t e r i a l  i n  grams cm 

t = e lapsed  time i n  seconds 
- 2 

g = f o r c e  of g r a v i t y  i n  cm sec  

= l ength  of d i scharge  tube i n  cm 

w = weight of c o l l e c t e d  f l u i d  i n  grams. 

The s i z e  and shape of the  a lkano l  p a r t i c l e s  was measured with a  

microscope and c a l i b r a t e d  o p t i c a l  g r id .  

The r a t e  of f i l m  r e l e a s e  was measured i n  a  17.5 x 60 cm p l e x i g l a s s  
0 

t r a y  conta in ing  a  1 cm depth of tap  water a t  28 C .  Talcum powder was 

sp r ink led  on the  water  s u r f a c e  t o  i n d i c a t e  f i l m  movement. A 0 .1  g 

sample of d i spe r s ion  was placed on the  water  su r f ace  a t  one end of 

t h e  t r a y  and the  f i l m  spreading  r a t e  was measured a f t e r  an i n i t i a l  
2 

coverage of 175 cm a r e a .  

The e f f e c t i v e n e s s  of t he  d i spe r s ions  f o r  reducing evaporat ion was 

determined on the  2.74 m diameter tanks a s  descr ibed i n  previous 

annual r e p o r t s .  

RESULTS AND DISCUSSION: 

The s u r f a c t a n t  used i n  prepar ing  d i spe r s ions  d iscussed  h e r e  i s  

l i s t e d  a s  a  b a s i c  e m u l s i f i e r  f o r  u se  i n  water wi th  up t o  1,100 ppm 

s o l u b l e  s a l t s .  We were a b l e  t o  make pourable d i spe r s ions  with allcknol 

con ten t s  up t o  10 percent  u s ing  t ap  water  conta in ing  1,700 ppm s o l u b l e  

s a l t s .  The concent ra ted  d i spe r s ions  could be d i l u t e d  wi th  t ap  water 

t o  make a  s t a b l e ,  low v i s c o s i t y  d i spe r s ion  with 1 percent  a lkano l .  

Microscopic examination shows t h a t  the  d i spe r s ion  c o n s i s t s  oE 

randomly o r i en t ed  a lkano l  " s t r i ngs t ' ,  approximately 0 ,5p  i n  width and 

5- low long, intermixed with the  water i n  a  g e l  o r  so l - type  s t r u c t u r e .  
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Viscos i ty  measurements were made a t  temperatures  of 12, 23 and 

3 3 ' ~  f o r  t h r e e  d i l u t e d  d i s p e r s i o n s :  10 percent  d i l u t e d  t o  1 percent ,  

10 percent  d i l u t e d  t o  3  percent ,  and 30 percent  d i l u t e d  t o  3  pe rcen t .  

V i scos i t y  v a r i e d  wi th  temperature ,  bu t  n o t  a s  much a s  expected.  Vis- 

c o s i t y  f o r  t he  1 percent  d i s p e r s i o n s  a t  temperatures  of 12, 23 and 
, 

3 3 ' ~  was 75, 30 and 40 poises ,  r e s p e c t i v e l y .  Concentrat ion of the  

o r i g i n a l  d i s p e r s i o n  inf luenced  v i s c o s i t y  of t h e  d i l u t e d  d i s p e r s i o n .  

V i scos i t y  of t he  30 percent  d i l u t e d  t o  3  percent  was approximately 

one-half t h e  v i s c o s i t y  of 10 percent  d i l u t e d  t o  3  pe rcen t .  Changing 

d ischarge  tube diameters  d id  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  v i s c o s i t y  

measurement, i n d i c a t i n g  t h a t  the  va lues  obtained can be used i n  

des ign ing  dr ip- type  d i s p e r s i o n  a p p l i c a t o r s .  
2  -1 

The f i l m  r e l e a s e  r a t e  was 8,200 and 8,500 cm min f o r  1 and 

3 percent  d i spe r s ion  a p p l i c a t i o n s  con ta in ing  0.001 and 0.003 g of 
2  -1 

a lkanol ,  r e s p e c t i v e l y ,  These va lues  compare t o  3,900 cm min f o r  

0 . 1  g of dry,  powdered a lkanol ,  150-200y p a r t i c l e  s i z e ,  s c a t t e r e d  on 

t h e  water s u r f a c e .  The d ispersed  a lkano l  spread from two t o  t h r e e  

times a s  f a s t  a s  the  powdered a lkanol ,  even though from 100 t o  300 

times as  much powdered a l k a n o l  was app l i ed .  

Ten percent  d i s p e r s i o n  d i l u t e d  t o  3  percent  was app l i ed  t o  evapora- 
- 2 

t i o n  tanks a t  a  r a t e  of 0.7 g  of a lkano l  m month-' f o r  a 30-day per iod 

dur ing  September 1966. Evaporat ion from un t r ea t ed  tanks f o r  t he  per iod 

was 120 mm. This d i s p e r s i o n  reduced evapora t ion  by 25 percent .  

SUMMARY AND CONCLUSIONS : 

A s t a b l e ,  long-chain a lkano l  d i s p e r s i o n  was prepared which can 

be made i n  pourable concen t r a t i ons  up t o  10 percent ,  and then d i l u t e d  

wi th  t ap  water  t o  s t a b l e ,  1 percent  d i spe r s ions  f o r  a p p l i c a t i o n  wi th  

s imple automatic  equipment. These d i spe r s ions  reduced evapora t ion  by 

25 percent  f o r  a  per iod  of 30 days when app l i ed  a t  a  r a t e  of 0.7 g 
- 2 - 1 

a lkano l  m month . The v i s c o s i t y  of the  d i l u t e d  d i s p e r s i o n  does 

change wi th  temperature and concen t r a t i on  of base d i s p e r s i o n .  The 

e f f e c t  of d i u r n a l  temperature  f l u c t u a t i o n  can be c o n t r o l l e d  by us ing  

i n s u l a t e d  con ta ine r s  and a p p l i c a t o r s .  R e l a t i v e l y  low v i s c o s i t y ,  s t a b  l e  

d i spe r s ions  can be prepared by proper  formula t ion .  The f i l m  genera t ion  
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r a t e  of the  d i spe r s ions  i s  s i g n i f i c a n t l y  f a s t e r  than t h a t  of powdered 

a lkano l ,  These d i spe r s ions  a r e  not  d i s c r e t e  a lkanol  p a r t i c l e s  a s  

repor ted  by o the r s ,  i n s t ead ,  microscopic examination i n d i c a t e s  a so l -  

type s t r u c t u r e ,  which i s  extremely s t a b l e ,  y e t  permits r ap id  r e l e a s e  

of t he  a lkanol  p a r t i c l e  a s  needed. 

PERSONNEL: L. E.  Myers, G ,  W .  F r a s i e r  
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3 - 2  - 1 
whc>re cl i s  L h c  l Low ve1ociLy ( c m  em min ) ,  k i s  Lthe h y d r a u l i c  

- L 
condi lcLi  v i  1.y (cn: ntin-') a n d  i # / R  i:; the h y d r a u l i c  g r a i l i e n l  (cnr cm ) . 

I l. CXI)REILMFNTAL, 

SAND AND SAN1)STONE : 

F L o w  nlcasuremcnls w e ~ ~ v n a d e  on a column ol 50-500&1 s a n d ,  20.4 c~ii 

2 
l o n g  arid JU ,4 crn c r o s s - s c c ~ i o n n l  a r t>a .  G r a d i e n t s  r a n g i n g  froin 0 .09 
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-1 
L O  1 , 2 1  cm cm were imposed on lrhe column. P l o t s  of f low v c i o c i t y  

v e r s u s  g r a d i e n t  a r e  shown i n  F i g u r e  1 f o r  t h r e e  t e m p e r a t u r e s .  The 

r e l a t i o n  between q and M/R i s  l i n e a r ,  i n d i c a t i n g  no d e v i a t i o n s  from 

Darcy's  law f o r  t h i s  m a t e r i a l .  
2 

o i s e  sands tone ,  8,8 cm long and 25.5 cm i n  a r e a  was 
- 1 

s e a l e d  on a l l  s i d e s ,  G r a d i e n t s  r a n g i n g  from 0 , 3  t o  3 , 1 5  cm cm were 

imposed. P l o t s  01 flow v e l o c i t y  v e r s u s  g r a d i e n t  a t  t h r e e  t empera tu res  

a r e  shown i n  F i g u r e  2 ,  o d e v i a t i o n s  from Darcy 's law a r e  e v i d e n t .  

For  both  m a t e r i a l s  t h e  t empera rure  dependence of t h e  c o n d u c t i v i t y  

cou ld  be a t t r i b u t e d  t o  t h e  t empera tu re  dependence o f  t h e  v i s c o s i t y  of 

wa te r .  

Deryagin and Krylov (2) r e p o r t e d  t h a t  water  f low through ceramic 

f i l t e r s  w i t h  p o r e s  of 0 . 1 ~  d iamete r  was n o t  v i s c o u s  but  more n e a r l y  

p l a s t i c ,  t h e  f low r a t e  being n o n p r o p o r t i o n a l  t o  t h e  p r e s s u r e  g r a d i e n t .  

T h e i r  r e s u l t s  have been c i t e d  as ev idence  of t h r e s h o l d  g r a d i e n t s  and 

non-Darcy behavior  f o r  f low of wa te r  through t h e  f i n e  p o r e s  ( 3 ,  4 ,  6 ,  

71,  Some proposed e x p l a n a t i o n s  o f  t h e s e  anomal ies  a r e  t h e  i n t e r a c t i o n  

of water  w i t h  t h e  p o r e  w a l l  which causes  a n  i n c r e a s e  i n  v i s c o s i t y  of 

t h e  f l u i d  n e a r  t h e  w a l l ;  s l i p p a g e  a l o n g  t h e  w a l l ;  and s t reaming  

p o t e n t i a l s .  Low (5) proposed t h a t  wa te r  n e a r  a charged s u r f a c e  has a  

" q u a s i - c r y s t a l l i n e "  s t r u c t u r e  t h a t  ex tends  some d i s t a n c e  from t h e  

w a l l ,  M i l l e r  and Low 46) a t t r i b u t e d  t h e  t h r e s h o l d  g r a d i e n t s  t h e y  observed 

f o r  wa te r  f l o w  through c l a y  p lugs  t o  q u a s i - c r y s t a l l i n e  wa te r  s t r u c t u r e .  

Flenniker ( 4 )  c a l c u l a t e d  t h a t  t h e  t h i c k n e s s  of t h e  s t r u c t u r e d  wate r  would 

need t o  be 190 8 t o  account  f o r  t h e  anomal ies  r e p o r t e d  by Deryagin and 

K ~ y l o v  and showed t h a t  s l i p p a g e  was n o t  l i k e l y ,  but s t reaming  p o t e n t i a l  

was p o s s i b l e .  I n  t h i s  r e p o r t ,  d a t a  a r e  p r e s e n t e d  which show t h a t  

d i s s o l u t i o n  of t h e  ceramic c r e a t e s  an  osmotic  f o r c e  t h a t  can c a u s e  

anomalous f low i n  porous ce ramics ,  T h i s  e f f e c t  may e x p l a i n  t h e  r e s u l t s  

of l3eryagi.n and Krylov.  

The exper imenta l  a p p a r a t u s  diagramed i n  F i g u r e  3 i s  a  s imple  

f a l l i n g  head permeameter s o  c o n s t r u c t e d  t h a t  f low measurements can  be 

made from l e f t  t o  r i g h t  o r  r i g h t  t o  l e f t .  The a p p a r a t u s  c o n s i s t s  of 
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a  25-cm d iamete r ,  0.61-cm t h i c k  ceramic p l a t e  (a )  w i t h  nominal p o r e  

s i z e  of O.lp,  cemented w i t h  epoxy (e) between two g l a s s  f u n n e l s  (L, R ) .  

I n  t h e  neck of each f u n n e l  an  i n l e t  tube ( b ) ,  a n  o u t l e t  t u b e  (d) and a  

b r a c i n g  rod  ( c )  a r e  cemented. The s t a n d p i p e  ( f )  i s  a c a l i b r a t e d  
2 

c a p i l l a r y  t u b e  of 0.0157-cm c r o s s - s e c t i o n a l  a r e a .  The r e s e r v o i r  (g)  

i s  of ve ry  l a r g e  c r o s s - s e c t i o n a l  a r e a  compared t o  t h e  t u b e  ( f ) .  The 

rod (c) i s  n e c e s s a r y  t o  reduce  p l a t e  d e f l e c t i o n  caused by irnposed 

p r e s s u r e  d i f f e r e n c e s .  I n i t i a l l y ,  t h e  p l a t e  was s a t u r a t e d  w i t h  de-  

a i r e d ,  d i s t i l l e d  wa te r ,  and a l l  a i r  removed from t h e  system. The 

e n t i r e  sys tem was encased i n  i n s u l a t i o n  and l o c a t e d  i~ a c o n t r o l l e d  

t empera tu re  room. 

To make a  measurement, wa te r  i s  drawn up i n  t h e  tube ( f )  t o  a 

h e i g h t  hi .  The s topcocks  a r e  t u r n e d  f o r  t h e  d e s i r e d  d i r e c t i o n  of f low 

a t  t ime 0 .  Immediately upon i n i t i a t i o n  of f low, t h e  h e i g h t  of water  

i n  tube  ( f )  d rops  due t o  p l a t e  d e f l e c t i o n .  Readings of h  v e r s u s  t ime 

a r e  t a k e n .  The f i r s t  few r e a d i n g s  a r e  used t o  f i n d  h a t  t ime  0  by 

e x t r a p o l a t i o n .  The v a l u e  ho i s  t h e  h e i g h t  of water  a p p l i e d  t o  t h e  

p l a t e  a f t e r  d e f l e c t i o n  has  occur red .  The volume change due t o  p l a t e  

d e f l e c t i o n  is  (h - h  ) a ,  where a i s  t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  
i o  

measuring tube  ( E ) .  P l o t s  of (h  - h  ) a  v e r s u s  h  a r e  l i n e a r  w i t h  a  
i o o  

s l o p e  b. The flow volume Q p a s s i n g  through t h e  p l a t e  i s  t h e  amount 

measured by t h e  t u b e  p l u s  t h e  amount d i s p l a c e d  by t h e  p l a t e  a s  i t  r e -  

t u r n s  t o  i t s  o r i g i n a l  p o s i t i o n .  Mathemat ica l ly ,  Q = a ( h o  - h) - bh. 

The h y d r a u l i c  g r a d i e n t  i s  h/R (R t h e  p l a t e  t h i c k n e s s ) .  I f  osmot ic  o r  

o t h e r  f o r c e s  cause  wa te r  t o  f low independen t ly  of h y d r a u l i c  p r e s s u r e ,  

t h e  g r a d i e n t  i s  modif ied by a  f a c t o r  f3. The e q u a t i o n  t h a t  d e s c r i b e s  

f low i n  t h i s  system when p i s  c o n s t a n t  i s  

where k  i s  t h e  c o n d u c t i v i t y  of t h e  p l a t e ,  A i t s  c r o s s - s e c t i o n a l  a r e a ,  

and t t h e  t ime.  

I n t e g r a t i n g  [ 2 ]  g i v e s  
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A p l o t  of l n ( h / h  ) v e r s u s  t w i l l  be l i n e a r  on ly  i f  p = 0. For  
0 

p J 0, l n ( h / h  ) v e r s u s  t i s  p l o t t e d  and t h e  d e v i a t i o n  from l i n e a r i t y  
0 

no ted .  S u c c e s s i v e  v a l u e s  of p a r e  chosen u n t i l  a  p l o t  of l n [ ( h  + P) /  
(ho + @ ) I  v e r s u s  t  i s  l i n e a r .  The s l o p e  o f  t h e  l i n e a r  p l o t  i s  kA/ 

( a  -1- b)R, from w h i c h  t h e  c o n d u c t i v i t y  can be c a l c u l a t e d .  I f  p i s  n o t  

c o n s t a n t ,  a l i n e a r  r e l a t i o n  w i l l  n o t  o b t a i n ,  

F a c t o r s  t h a t  cou ld  cause  p t o  be nonzero a r e :  s l i p p a g e  a l o n g  

t h e  p o r e  w a l l ,  s t r eaming  p o t e n t i a l ,  t h r e s h o l d  g r a d i e n t ,  and osmotic  

e f f e c t s *  The f i r s t  two would be v e l o c i t y  dependent ,  would always 

oppose f low,  and would r e s u l t  i n  a  n o n l i n e a r  r e l a t i o n  because  p, would 

n o t  be c o n s t a n t ,  Fur thermore,  t h e  g r e a t e s t  d e v i a t i o n  would occur  a t  

t h e  s ta r t  of t h e  f low p r o c e s s  when t h e  v e l o c i t y  was g r e a t e s t ,  V e l o c i t y  

dependent e f f e c t s  should  be e v i d e n t  i f  t h e  s e l e c t e d  v a l u e  o f  f3 does n o t  

r e s u l t  i n  a  l i n e a r  r e l a t i o n  as g i v e n  by e q u a t i o n  [ 3 ] ,  and t h e  s e l e c t e d  

v a l u e  of p v a r i e s  w i t h  d i . f f e r e n t  i n i t i a l  heads h  , Threshold  and 
0 

osmot ic  g r a d i e n t s  should  g i v e  a  c o n s t a n t  v a l u e  of p and be independent  

of t h e  i n i t i a l  head. Only osmotic  e f f e c t s  can cause  f3 t o  be p o s i t i v e  

because  t h e y  can bo th  a s s i s t  o r  r e s i s t  h y d r a u l i c  f low depending on t h e  

r e l a t i v e  d i r e c t i o n s ,  whereas t h e  o t h e r  e f f e c t s  d i s c u s s e d  h e r e  can o n l y  

r e s i s t  f low,  

F i g u r e  4. shows t y p i c a l  p a i r s  of runs  (L -+R and R - + L  a t  t h e  same 

h  ) f o r  t h r e e  t empera tu res .  Both p o s i t i v e  and n e g a t i v e  v a l u e s  of p 
0 

were o b t a i n e d ,  i n d i c a t i n g  t h e  p resence  of osmot ic  e f f e c t s  and p o s s i b l y  

a  t h r e s h o l d  g r a d i e n t .  The l i n e a r i t y  of t h e  l o g  [ ( h  + P) / (h0  + p)] p l o t s  

(open symbols) i n d i c a t e s  t h a t  v e l o c i t y  dependent e f f e c t s  a r e  n e g l i g i b l e .  

Assuming t h a t  p i s  composed o n l y  of osmot ic  e f f e c t s  and a  t h r e s h o l d  

g r a d i e n t ,  t h e n  f3 = - $ 2 a where \ir i s  a t h r e s h o l d  head and a i s  a n  osmotic  

head ( g r a d i e n t s  a r e  o b t a i n e d  by d i v i d i n g  by t h e  p l a t e  t h i c k n e s s  R ) .  

S i n c e  f3 and x have t h e  same s i g n ,  9 and fl can be  e s t i m a t e d  by s o l v i n g  

s imul taneous  e q u a t i o n s  o b t a i n e d  from p a i r s  of runs  (L -)K and R -)I,) 

a t  t h e  same i n i t i a l  head.  A comparison of I p l f o r  s e v e r a l  p a i r s  of runs  

i n d i c a t e d  t h a t  9 would be s m a l l ,  i f  p r e s e n t .  T h e r e f o r e ,  o n l y  d a t a  f o r  

s m a l l  v a l u e s  of f3 were used t o  c a l c u l a t e  \ir and fl. K e s u l t s  of t h e  

c a l c u l a t i o n s  f o r  twelve p a i r s  of runs  a r e  g iven  i n  T a b l e  1. I n  two 
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cases  t he  va lues  of '$ and f i  a r e  nea r ly  equal .  I n  most cases  1r i s  

g r e a t e r  than $ by a  f a c t o r  of 2 o r  more. I n  t h r e e  cases  the  ca l cu la t ed  

711 i s  nega t ive  - a  phys ica l  i m p o s s i b i l i t y  - i n d i c a t i n g  t h a t  $, i f  

p r e sen t ,  i s  too  small  t o  be a c c u r a t e l y  measured with t h i s  technique. 

There i s  no obvious r e l a t i o n  between the  i n i t i a l  head 11 and and TC 
0 

(hence p), which i s  a d d i t i o n a l  evidence t h a t  v e l o c i t y  dependent e f f e c t s  

were n e g l i g i b l e ,  

Addi t iona l  and more c o n ~ l u s i v e  evidence of the  presence of osmotic 

e f f e c t s  Ls given i n  Table 2 .  Af t e r  completion of t he  i n i t i a l  runs 

, 3 l i t e r s  of d i s t i l l e d  water was f lushed through s i d e  R ,  

followed by f lu sh ing  of 0 t h  L and R a s  given i n  C, Table 2 .  E l e c t r i c a l  

conduc t iv i ty  of water samples taken from L and R before  and a f t e r  

f l u sh ing  ind ica t ed  a  concent ra t ion  d i f f e r e n c e  of 1.25 x 1.6 x 
- 1 

and 1.3 x 1 0 ' ~  mole l i t e r  f o r  A, B, C, r e spec t ive ly .  The ca l cu la t ed  

values of n along with the  d i r eck ion  of osmotic flow a r e  given i n  Table 

2 .  

Although the  values of rc c a l cu l a t ed  from v a n ' t  Hof f ' s  equat ion a r e  

q u a l i t a t i v e ,  they a r e  i n  t he  range oE measured f3 values and the d i r e c t i o n  

of osmotic flow i s  t he  same a s  obtained from t h e  hydraul ic  flow measure- 

ments. Chemical a n a l y s i s  of water samples i nd ica t ed  t h a t  t he  s o l u t e  

was Ma and K s i l i c a t e .  Apparently t h e  d i l u t e  s o l u t i o n  of s i l i c a t e  

r e s u l t e d  from d i s s o l u t i o n  of t he  ceramic p l a t e ,  with t he  concent ra t ion  

i n  the  two s i d e s  of t h e  p l a t e  being s l i g h t l y  d i f f e r e n t .  

Af te r  eva lua t ing  f3 f o r  each run, t he  hydraul ic  conduct iv i ty  k  of 

the ceramic p l a t e  was ca l cu la t ed  from t h e  s lope  of t h e  log [ ( h  f B) / 
(ho C p)] versus i p l o t s  (accounting Eor t h e  change from common t o  

naper ian  logari thms).  Pe rmeab i l i t i e s  P were ca l cu la t ed  us ing  the  - 

r e l a t i o n  P  = Ky/pg, where q i s  t h e  v i s c o s i t y  of bulk water,  p  i s  t he  

d e n s i t y  of bulk water ,  and g  i s  t he  g r a v i t a t i o n a l  cons tan t .  Conduct ivi ty  

and permeabi l i ty  da t a  a r e  given i n  Table 3. The pe rmeab i l i t i e s  a r e  

cons tan t  with temperature.  For t h i s  system the  v i s c o s i t y  of water 

flowing through O.1p .  pores has the  same temperature dependence a s  bulk 

water .  This  suggests  no anomalous v i s c o s i t y  e f f e c t  i n  0 . 1 ~  pores .  
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It is concluded that anomalous flow of water through porous ceramic 

filters is essentially due to osmotic effects and not due to anomalous 

viscosity or plastic flow as has been previously reported. When osmotic 

effects are accou~ted for, the flow rate is proportional to the pressure 

gradient and in accord with ~apcy's law, 
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Table I. Osmotic and threshold heads ca l cu la t ed  from p a i r s  of runs 

a t  the  given i n i t i a l  head. Beads may be changed t o  g r a d i e n t s  

by d iv id ing  by R (0.61 cm) . 

Temperature I n i t i a l  head (ho) Osmotic head (a) Threshold head (1)) 

PC) (cm H20) (a H ~ O )  (cm H20) 

9 .7  5.4 0*10 0.11 

9.2  0.27 0.15 

10.0 0,29 6.11 

14,5  0.12 0.13 
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Table 2, Values of (3 for three concentration differences across ceramic 

plates all at l9,7 C. Positive values of fi indicate direction 

of osmotic flow, The values of R were calculated using van't 

Woff's equation for osmotic pressure (1) using concentrations 

obtained by electrical conductivity measurements. Osmotic 

flow direction s h a m  is from lower to higher concentration, 

A (cm) TC (cin) 
water flow direction 

I, " R R -4 L 

A .  Initial runs* 

B. Side R diluted by flushing with 3 liters distilled water. 

-0,64 0,40 O s 6  R -3 L 

0.42 

C. 1 112 liters flushed through side L and 1/2 liter through side R .  

-0.16 0 .  18 0.4 R - + L  

-0 ,33 0.15 
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Table 3. Conductivity and permeability data at trhree temperatures. 

The 95% confidence limits are given for the conductivity data. 

Temperature Number Conductivity Permeability 
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Figure 1. Flow veLocity versus hydraalic gradient for 50-500u sand Annual Report of the U.S. Water Conservation Laboratory



- 

Figure 2 .  Flow v e l o c i t y  versus  hydrau l ic  g rad i en t  f o r  Boise sandscone. 
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F i g u r e  3. D i a g r a m  of m e a s u r e m e n t  a p p a r a t u s .  

Annual Report of the U.S. Water Conservation Laboratory



F i g u r e  4 ,  T y p i c a l  d a t a  f a r  p a i r e d  r u n s  a t  3 t e m p e r a t u r e s .  
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PART 11. THEORETICAL ASPECTS. 

Although the  experimental r e s u l t s  repor ted  above i n d i c a t e  no de- 

v i a t i o n  from Darcy's law i t  i s  of i n t e r e s t  t o  examine t h e o r e t i c a l l y  

some p o s s i b l e  causes of dev ia t ions  repor ted  elsewhere. 

The causes of non-propor t iona l i ty  between flow volume and gradien t  

a r e  not  c l e a r .  Clay-water i n t e r a c t i o n  i s  f r equen t ly  mentioned a s  a  

probable cause,  It  has been shown t h a t  water near  a  c l ay  s u r f a c e  has 

a  higher  v i s c o s i t y  than water same d i s t a n c e  from the  c l a y  su r f ace .  

The h igher  v i s c o s i t y  occurs  because of  the  o r i e n t a t i o n  o f ,  and the  

a t t r a c t i o n  f o r ,  t h e  d i p o l a r  water molecules by the  e l e c t r i c a l  charges 

an the  c l a y  su r f aces .  I t  has been pos tu l a t ed  t h a t  t h i s  "quasi- 

c r y s t a l l i n e "  water s t r u c t u r e  does not  flow a s  b u l k  water but  r equ i r e s  

an  i n i t i a l  o r  th reshold  gradien t  t o  i n i t i a t e  flow. Furthermore, t he  

water inf luenced by the  c l a y  su r f ace  may be non-Newtonian ( shea r - r a t e  

dependeat) which, a s  w i l l  be d iscussed  l a t e r ,  can cause non-proportion- 

a l i t y  between flow v e l o c i t y  and hydrau l i c  g rad ien t .  However, t he  non- 

Newtonian concept may no t  hold fo r  t h i s  case  because t h i s  e f f e c t  w i l l  

p e r s i s t  longest  i n  the  c e n t r a l  a x i a l  po r t ion  of a  pore,  con t r a ry  t o  

the  concept of the  g r e a t e s t  e f f e c t  being near  the  wa l l .  Another 

concept i s  t h a t   he water l aye r s  near  t he  su r f ace  a r e  inunobile and the 

remaining f l u i d  Newtonian. As the  g rad ien t  i nc reases ,  t h e  th ickness  

of the  immobile l aye r s  i s  reduced causing an inc rease  i n  t he  e f f e c t i v e  

c ros s  s e c t i o n  and hence an inc rease  i n  flow volume wi th  an  inc rease  

i n  hydraul ic  g rad ien t ,  

We begin the  t h e o r e t i c a l  development with the  genera l  equat ions of 

motion and make t h e  usua l  assumptions t o  ob ta in  the  Navier-Stokes 

equat ions ,  with t he  except ion t h a t  t h e  shear  s t r e s s  components a r e  

not yet  resolved i n  terms of v i s c o s i t y  and v e l o c i t y  g rad ien t s .  For 

s teady  laminar flow of an  imcompressible f l u i d  through a  c y l i n d r i c a l  

tube,  t h e  Navier-Stokes equat ions reduce t o  

where F  i s  t he  compone~t  of a l l  body forces  a c t i n g  i n  the  z or  a x i a l  
Z 
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a l r e c t l o n ,  p  IS t h e  f l u i d  p r e s s u r e ,  r i s  t h e  r a d i a l  d i r e c t i o n  from 

t h e  c e n t e r  of t h e  c y l i n d e r ,  and T i s  t h e  s h e a r  s t r e s s .  

I n  g e n e r a l ,  t h e  e q u a t i o n s  o f  motion a r e  o b t a i n e d  by c o n s i d e r i n g  

a l l  body and s u r f a c e  f o r c e s  a c t i n g  on a f l u i d  e lement .  Body f o r c e s  

a r e  regarded  a s  g iven  e x t e r n a l  f o r c e s  t h a t  permeate comple te ly  

through t h e  medium. An example i s  t h e  g r a v i t a t i o n a l  o r  magnet ic  

f i e l d s ,  but  t h e  f o r c e  f i e l d s  caused by charges  on p a r t i c l e  s u r f a c e s  

cannot  be cons idered  body f o r c e s  because  t h e y  a r e  a  d e c r e a s i n g  

f u n c t i o n  of d i s t a n c e  from t h e  p a r t i c l e  s u r f a c e ,  and may a f f e c t  on ly  

a  smal l  p o r t i o n  of t h e  f l u i d .  The f o r c e s  caused by p a r t i c l e  s u r f a c e  

charges  must t h e r e f o r e  appear  i n  t h e  s h e a r  s t r e s s  T ,  a s u r f a c e  f o r c e .  

S u r f a c e  f o r c e s  depend on t h e  s t a t e  o f  s t r a i n  ( t h e  v e l o c i t y  f i e l d )  

of t h e  f l u i d .  These f o r c e s  can be expressed  i n  terms of normal and 

s h e a r  s t r e s s e s .  The n e g a t i v e  o f  t h e  a r i t h m e t i c  mean of t h e  normal 

s t r e s s  i s  t h e  f l u i d  p r e s s u r e .  It i s ,  t h e r e f o r e ,  t h e  s h e a r  s t r e s s  

components t h a t  can be i n f l u e n c e d  by f a c t o r s  such  a s  t h e  charges  on 

t h e  p o r e  wall and t h e  e f f e c t  of i o n s  i n  s o l u t i o n  on t h e  f low p r o p e r t i e s  

of t h e  f l u i d .  

Newton, i n  1687, proposed t h a t  t h e  s h e a r  s t r e s s  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  v e l o c i t y  g r a d i e n t ,  That i s  

where 7 i s  t h e  f l u i d  v i s c o s i t y  and v t h e  f l u i d  v e l o c i t y .  For TI 

a c o n s t a n t ,  e q u a t i o n  [5]  i s  Newton's law of v i s c o s i t y  and forms t h e  

b a s i s  f o r  t h e  d e f i n i t i o n  of Newtonian and non-Newtonian f l u i d s .  I n  

g e n e r a l  q may be a  f u n c t i o n  of v,  r ,  o r  b o t h ,  A f l u i d  t h a t  e x h i b i t s  

a  f u n c t i o n a l  r e l a t i o n s h i p  between 7 and v  i s  c a l l e d  non-Newtonian. 

A f l u i d  w i t h  TI a c o n s t a n t  i s  Newtonian. I n  c e r t a i n  c a s e s  q may be a  

f u n c t i o n  of r w i t h  t h e  f l u i d  e x h i b i t i n g  Newtonian p r o p e r t i e s .  

En t h e  fo l lowing  d i s c u s s i o n ,  s e v e r a l  forms of 7 a r e  c o n s i d e r e d .  

These r e l a t i o n s h i p s  can be demonstra ted by s i m p l i f y i n g  e q u a t i o n  [4 ]  

by i n t e g r a t i n g  and s o l v i n g  f o r  T ,  and t h e n  u s i n g  s e v e r a l  forms of 

v a r i a b l e  v i s c o s i t y  t o  de te rmine  t h e i r  f low r a t e ,  g r a d i e n t  r e l a t i o n -  

s h i p s .  
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When grav i - ty  i s  t h e  o n l y  body i o r c e  and t h e  tube  i s  h o r i z o n t a l  

FZ = 0. For t h i s  d i s c u s s i o n  t h e  p r e s s u r e  g r a d i e n t  i s  c o n s t a n t ,  

consequen t ly ,  l e t  ~ p / a  = ap/az ,  where a i s  t h e  l e n g t h  of t h e  t u b e ,  

Under t h e s e  c o n d i t i o n s  e q u a t i o n  [ 4 ]  i s  i n t e g r a t e d  t o  o b t a i n  

The c o n s t a n t  o f  i n t e g r a t i o n  i s  0 s i n c e  r = 0 when r = 0. 

V i s c o s i t y  Cons tan t ,  For  7 a  c o n s t a n t ,  s u b s t i t u t e  e q u a t i o n  [5]  

i n t o  e q u a t i o n  [ 6 3  and i n t e g r a t e  t o  o b t a i n  

where R i s  t h e  r a d i u s  of t h e  c a p i l l a r y  t u b e ,  

Now t h e  a v e r a g e  v e l o c i t y  ; i s  
TR 

and t h e  volume of f low per  u n i t  t ime Q i s  

Equat ion [ 9 ]  i s  known a s  P o i s e u i l l e ' s  e q u a t i o n .  The f low v e l o c i t y  v  

and t h e  volume Q i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  h y d r a u l i c  g r a d i e n t  

n p  /a . 
V i s c o s i t y  a  Func t ion  R a d i a l  D i s t a n c e .  For c a p i l l a r y  t u b e s  

hav ing  s u r f a c e  charges  on t h e  w a l l s  t h e r e  i s  c o n s i d e r a b l e  ev idence  

t h a t  t h e s e  charges  i n t e r a c t  w i t h  molecu les  of a  p o l a r  l i q u i d .  Th is  

i n t e r a c t i o n  can c a u s e  t h e  s h e a r  s t r e s s  i n  t h e  l i q u i d  w i t h i n  t h e  d i s t a n c e  

i n f l u e n c e d  by t h e  charges  t o  be g r e a t e r  than  i n  bu lk  f l u i d .  The i n -  

f l u e n c e  of t h e  charges  d e c r e a s e s  w i t h  d i s t a n c e  from t h e  w a l l .  For a  

p u r e  p o l a r  l i q u i d  f lowing t h r o u g l ~  t h e  tube ,  a  molecu le  always a t  a  
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f i x e d  d i s t a n c e  from t h e  w a l l  would have t h e  same f o r c e  e x e r t e d  on 

i t  r e g a r d l e s s  of i t s  v e l o c i t y .  For  t h i s  c o n d i t i o n  t h e  v i s c o s i t y  can 

bc c o n s i d e r e d  a f u n c t i o n  o f  r a d i a l  d i s t a n c e  w i t h  e q u a t i o n  [ 5 j  becoming 

S u b s t i l u t i n g  [ l o ]  i n  [ Q ]  g i v e s  

Xntegrat  Lrrg [ 3.11 y i e l d s  

and 

t o  complete t h e  i n t e g r a t i o n  t h e  f u n c t i o n a l  r e l a t i o n s h i p  between y 

and r must be known. For p r e s e n t  purposes  i t  i s  s u f f i c i e n t  t o  n o t e  

t h a t  t h e  f low volume Q i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  h y d r a u l i c  

g r a d i e n t  Ap/R r e g a r d l e s s  of t h e  f u n c t i o n a l  dependence of t h e  v i s c o s i t y  

* i n  t h e  r a d i a l  d i r e c t i o n .  

Bingham Bodies ,  There  i s  a  c e r t a i n  c l a s s  of m a t e r i a l s  t h a t  w i l l  

n o t  f low u n t i l  s u b j e c t e d  t o  a  y i e l d  s t r e s s  Y. The y i e l d  s t r e s s  i s  

sometimes r e f e r r e d  t o  a s  a  " t h r e s h o l d  g r a d i e n t . "  When t h e  a p p l i e d  

s t r e s s  exceeds t h e  y i e l d  s t r e s s ,  t h e  m a t e r i a l  f lows and t h e  v e l o c i t y  

g r a d i e n t - s h e a r  s t r e s s  r e l a t i o n  becomes l i n e a r ,  M a t e r i a l s  p o s s e s s i n g  

t h e s e  p r o p e r t i e s  a r e  c a l l e d  Bingham bodies .  The r h e o l o g i c a l  e q u a t i o n  

i s  

where y i s  t h e  p l a s t i c  v i s c o s i t y .  
I? 1 
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Using [ 1 4 ]  i n  161 and i n t e g r a t i n g ,  w e  have 

I n  a  v i s c o u s  l i q a i d  t h e  s h e a r i n g  s t r e s s  T i s  ze ro  a t  t h e  q x i s  

and i n c r e a s e s  w i t h  d i s t a n c e  from i t .  Around t h e  a x i s  t h e r e  w i l l  be 

a c y l i n d e r  of m a t e r i a l  w i t h  T <If. The s t r e s s e s  i n  t h i s  c y l i n d e r  wi l l .  

be p u r e l y  e l a s t i c ,  and t h e  c y l i n d e r  w i l l  rnove a s  a  s o l i d  p l u g .  I f  ro 

i s  t h e  r a d i u s  of t h e  c y l i n d e r  f o r  which 9 = r, t h e n  Erom e q u a t i o n  

[ 3 1  w e  o b t a i n  

The v e l o c i t y  of t h e  p l u g  i s  

and t h e  volunie of f low i s  

which i s  known a s  t h e  Buckingham-Reiner e q u a t i o n .  It i s  obvious  

t h a t  t h e  f low volume Q i s  n o t  p r o p o r t i o n a l  t o  t h e  g r a d i e n t  & / R .  

Y i e l d  S t r e s s  a  Func t ion  of R a d i a l  Dis tance .  I f  charges  on 

p o r e  w a l l s  s t r u c t u r e t h e  wa te r  n e a r  t h e  w a l l  t o  t h e  d e g r e e  t h a t  a  

y i e l d  s t r e s s  i s  r e q u i r e d  t o  i n i t i a t e  f low, t h e n  t h e  y i e l d  s t r e s s  w i l l  

b e  a  funcLion of r a d i a l  d i s t a n c e .  Th is  concept  c i rcumvents  t h e  d i f -  

f i c u l t y  encountered when p l u g  f low (Bingham Elow-yield s t r e s s  a c r o s s  

e n t i r e  p o r e  a r e a )  i s  cons idered .  With p l u g  f low t h e  f low beg ins  n e a r  

t h e  w a l l .  Th i s  i s  d i f f i c u l t  t o  imagine when t h e  ev idence  f o r  wa te r  

s t r u c t u r e  n e a r  t h e  w a l l  i s  c o n s i d e r e d .  

Assuming t h a t  Jr = 0 f o r  0 ( r < a ,  where a  < R ,  and 9 = 
"k) 

f o r  n < r 5: R ,  then  
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and 

Equat ion [ 2 0 ]  a l l o w s  t h e  c a l c u l a t i o n  oE 9 f o r  any  -I/ t h a t  
( r )  

i n c r e a s e s  a s  r + R ,  p r o v i d i n g  '$ = 0 a t  r = 0. I f  J: 0 a t  t h e  a x i s ,  

p l u g  f low r e s u l t s  and t h e  a n a l y s i s  l e a d i n g  (ro e q u a t i o n  [203 i s  no t  

c o r r e c t .  

Solving l o r  1 llcb a v c r a g c  vc?lociCy i n  Lllc L w o  rcgi o n s  dncl L l ~ c b n  ; i t l t l i  ng 

t h e  t o t a  1 f  low volumes y i e l d s  

C a l c u l a t i o n s  of  assumed v a l u e s  of  and 7 u s i n g  t h e  above 
( r )  ( r )  

e q u a t i o n s ,  p l u s  f u r t h e r  development of t h e o r y  shou ld  y i e l d  some answers  

concern ing  causes  of  non-Darcy behav io r  and may form a b a s i s  f o r  p r e -  

d i c t i n g  i t s  occurence .  

PERSONNEL: R .  D. Jackson  

[20J 
2 

Q = -  
rl 

ApR - 
16R 

t- 
2 
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itions, a tcc uc was developed whereby seepage is 

nto the bottom 

a 1  after appJyIarg saS1- c ~ y s t n f s  LO the channel buttorn, When the 

a / ? ,  p a r t  O F  rile salt- ecters the battorn xrsater-ial 

with the seepage flaw, The d e p t  o f  p;ll_netr.acior, o f  Btze salt after 

soare t i m e  2s measlrrad v i t h  an electrical c o ~ d u c k l v i t y  p r o  

t o ry  s tudie 's  were ge to relate seepage rate to cate  06: advance 

of t h e  saLt wave, T i?inouait o f  salt t h a t  shou i  

area o f  ebanncl boLtom to o b t s i u  av ea s i l y  detec ke salt wave in 

s e v a l u a t c d  froin flume s t r~  

--- 
has b ~ e n  pLscc on the bottom of tllc channel 

Lssolved, ~ e g v l - a r  cl-ia1me1 or pond waeer 

ot tom ma t r r i a l  . Threes, Lhe salt-concentration 

ror'iLe in thc bottm r . iarer ia l  sonw b-iicc aftei tile connple~e dissolu- 

tion o f  the salt w j l l  have  the form ol R tiuvea f the amount o f  s a l t  

p l i e d  is suckl  hat the exystais d i s a p  car in a relatively short 

e l y  5 m i n u t e s  Lkp wave will have a well-defined 

electr-ical cnndrzcLLvi ty is e a s u i e d  with a specially 

meter. The electrodes, consihting u l  t h c  brass point and the brass 

ring, are separsted by a 0eP5' ring 01 pheno Lic r e s i n ,  The meter 

rrigage, Ray rbxrll Cor p-, P o r ~ L m d ,  regon) was n rod i f i ed  to obtairt. 

greater reso4 on in the range ol: conduc~ioity values encountered 

with the tech ue. The r e s n b t s  o f  the s o n d u c t i v i t y  rneasmremeots 
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a r e  expressed i n  meter readings,  which range from 0 t o  200 (Pul l  

s c a l e ) ,  The reading o1  200 was essentially obtained w i t h  the probe 

i n  a  s a t u r a t e d  NaCl s o l u t i o n ,  

The r a t e  of advance of t h e  peak oC tlae s a l t  wave (V ) will .  bc 
s 

g r e a t e r  than the  gross  s e e  because of t h e  s o l i d  mat r ix  

I f  t r i i~e  p i s t o n  flow occurs,  X - n V where 
S S 

essed as a volume f r a c t i o n ,  To 

m s t u d i e s  were s e  

e n t  s o i l s  ( s a  

r a t e  was e s t ab -  

akek above the  

column was temporar il a s a t u r a t e d  s o l u t i o n  of 

s a l t  s o l u t i o n  ha en tered  the  co lum~,  

he bottom of the column as  then measured i n  r e l a t i o n  t o  t ime, 

Af te r  50 t o  70 m l  had een co l l ec t ed ,  t he  conduct iv i ty  probe was 

i n s e r t e d  i n t o  the  column and readings were taken a s  r ap id ly  as  

e  a t  0-5-cm increments ,  Thus, t h e  e n t i r e  form of the s a l t  

wave was measured, f t e r  completion o f  t h e  t e s t s ,  the  dens i ty  of 

t he  s o i l  i n  the column was determined, The r e s u l t i n g  va lue  of n 

wa.s then  compared w i t h  Xs/ 

The column s t u d i e s  were erformed using both NaCL and CaCl 2 
except  fo r  the  i n e  s i l t y  c l ay  where onPy Ga l was used, Compari- 2 
sons becween the  f  ow r a t e  i n  tl-te c o l a ~ m s  before and a f t e r  app l i ca -  

t i o n  o f  the s a l  slzowed e x c e l l e n t  agreement f o r  a l l  so i l s ,  The use 

aC1 ( i n  la rge-crys ta l .  form i f  it i s  t o  be used i n  flowing channels)  

w i l l  be s a t i s f a c t o r y  f o r  sandy and gravelLy bottom m a t e r i a l s ,  For 

s o i l s  conta in ing  clay,  however, t h e  Na-ion may cause reduc t i o n  i n  the 

l ~ y d r a u l i c  conduct iv i ty ,  p a r t i c u l a r l y  a t  the  receding end of the wave 

where the  s a l t  concent ra t ions  become r e l a t i v e l y  low, In t h a t  case,  

l d  be p re fe r r ed ,  
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b ,  Plume s t u d i e s ,  

Ln applying the  s a l t  yet letrat ion t e c h i q u e  t o  he f i e l d  measure- 

ment o f  seepage i n  flowing c ucs t ion  arises Q E how much 

t o m  of  the  box, 

By con t ro l l ing  2r;he ater  level  a t  i f f e r e n t  seepage 

udies was roc 

a l s  of about 5 

ion  o f  the  san ottom at d i f f e r e n t  amounts 

per unit area ,  When enetrat iow was expected t o  

have reached a va he e l e c t r i c a l -  

cox~ductivi ty probe was i n s e r t e  

s i n  the area - 

where the s a  

t h a t  area, Meas 

and d i f f e r e n t  veloc t ies of water i n  the  f w e  The water de 

r i n g  these s t  d cons t an t  a t  a 
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0.3 m, The r e s u l t s  were analyzed t o  eva lua t e  t he  amounts of s a l t  

necessary t o  o b t a i n  a  maximum d i f f e r e n c e  i n  meter reading between 

c a l  conduct iv i ty  of the  bottom materi r i o r  t o  appl ica-  

t i o n  of t he  s a l t  ( r e  "') and the  e l e c t r i c a l  

x 48 m near Peor 

ma te r i a l  cons i s t ed  

of  a loam, ec ted  but f a i r l y  evenly 

2 
d i s t r i b u t e d  o a t e l y  l m of bottom a rea  

was covered wi th  about 3 kg y 3 t o  5 hrs  a f t e r  

t h e  a p p l i c a t i o n  of the s a  

10 t o  15 poin ts  i n  each a r e a  o o measure the depth 

of pene t r a t ion  of t h e  pea of  t h e  s a l t  wavee t 4 loca t ions ,  bottom- 

s o i l  samples were c o l l e c t e d  o  determine t h e  dens i ty  f o r  c a l c u l a t i o n  

of n ,  During the  5-hour per iod of s a l t  pene t ra t ion ,  pe r iod ic  measure- 

ments of the  water  l e v e l  i n  t he  pond were made so  t h a t  the  average 

r a t e  of seepage obtained w i t h  the s a l t  pene t r a t ion  technique could-be  

compared wi th  the  r a t e  of f a l l  of the  water l e v e l  i n  t he  pond, 

a ,  column s t u d i e s ,  

A t y p i c a l  example of a  cond c t i v i t y  wave due t o  t h e  pene t r a t ion  

of s a l t :  i s  shown i n  Figure 2 ( s o l i d  which a p p l i e s  t o  a columr~ 
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of Adelanto loam a f t e r  a p p l i c a t i o n  of CaGl The curve i n  Figure 2 
2 " 

has a  wel l-def ined peak, I f  the  s a l t  had been appl ied  f o r  a  longer 

per iod of time, a  f l a t t e r  peak would have been obtained (Curve A), 

Under continuous s a l t  ap  l i c a t i o n ,  a  conduct iv i ty  p r o f i l e  such a s  
9 

Curve B i n  Pigure 2 w i l l  r e s u l t ,  Where the conduct iv i ty  p r o f i l e  

e x h i b i t s  a  plateau,  such a s  Gurves A and B i n  Pigure 2, the lower 

po in t  of the  p l a t eau  shou e taken a s  the  loca t ion  o f  t h e  

Dividing the  de eak conducti.vity by the  time 

app l i ca t ion  and i n s e r t i o n  of the  robe y i e l d s  t he  average r a t e  of 

l o t t i n g  the s e e  age r a t e  aga ins t  t he  v e l o c i t y  

of t he  s a l t  wave f o r  d i f f e r e n t  seepage r a t e s  y i e lded  graphs such a s  

Figure 3 ,  Similar  p l o t s  were obtained f o r  the o the r  s o i l s  and s a l t s  

used i n  the column s t u d i e s ,  The s lope  1 /V  of the  s t r a i g h t  l i n e  i n  
s  S 

each p l o t  appeared t o  agree very  w e l l  w i th  n, as  shown i n  Table 1, 

This i n d i c a t e s  t h a t  the  advance of the  s a l t  peak can be considered 

a s  a  process of p i s ton  flow, and t h a t  knowledge O E  t h e  po ros i ty  of 

the  s o i l  s u f f i c e s  t o  c a l c u l a t e  E from Vs. 
S 

b. Flume s t u d i e s s  -- 
An example of t he  r e l a t i o n s h i p  between the peak-mlnus-.background 

conduct iv i ty  readings  and the  r a t e  of saLc a p p l i c a t i o n  i s  shown i n  

Figure 4, which app l i e s  t o  t h ree  d i f f e r e n t  seepage r a t e s  (on t h e  

curves)  and a  cons tan t  v e l o c i t y  i n  t he  channel of 0 - 2  m/sec, This 

graph shows, t h a t  f o r  a  v e l o c i t y  of 0,2  m/sec, the  minimum amount o f  

rock s a l t  t o  ob ta in  maximum cor~ciuct ivi ty  readirlgs a t  the peak of thc 

L 
s a l t  wave ranges from about l kg/m f o r  a seepage r a t e  of  1 ,5 m/day 
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2 
t o  about 1 ,5  kg/m f o r  a  seepage r a t e  of 0,15 m/day, Prom s i m i l a r l y  

obtained d a t a  fo r  o t h e r  channel v e l o c i t i e s ,  Figure 5 was cons t ruc ted .  

As expected, t h e  minimum r a t e  of  s a l t  a p p l i c a t i o n  f o r  maxianrani peak 

conduct iv i ty  readings  inc reases  w i th  inc reas ing  ve loc i ty  i n  t he  channel 

and wi th  decreasing seepage r a t e s ,  As a  genera l  r u l e ,  i t  was found 

t h a t  enough s a l t  should e  appl ied  t o  form 

bottom f o r  a t  l e a s t  s nutes  before  i t  is  

Because CaCI2 has a  higher  s o l u b i l i t y  than 

f o r  CaC12 should be 1.5 t o  2 t imes a s  high 

a continuous l a y e r  on the  

completely d isso lved  

MaCl, the a p p l i c a t i o n  r a t e  

a s  f o r  NaGl, It was a l s o  

found t h a t  t he  a r e a  o f  wel l-def ined and eas i ly -de t ec  ab l e  s a l t  waves 

was l imi t ed  t o  t he  a r e a  covered by the  s a l t ,  d e s p i t e  t h e  f a c t  t h a t  con- 

s i d e r a b l e  amounts of d i sso lved  s a l t  pass over the  channel bottom down- 

s t ream from the  a rea  of app1ica t ion ,  

c ,  F i e ld  s t u d i e s .  

The r e s u l t s  of t he  f i e l d  study t o  compare the seepage obtained 

w i t h  the s a l t  technique w i t h  t h e  r a t e  of f a l l  of t he  water  l e v e l  i n  a  

small  r e s e r v o i r  a r e  presented i n  Table 2,  Each column i n  t h i s  t a b l e  

a p p l i e s  t o  one of t he  a r eas  of s a l t  a p p l i c a t i o n  i n  t he  r e s e r v o i r  

bottom, The va lues  i n  Table 2 were ca l cu la t ed  us ing  an n-value of 

0,47 as  obtained from the  bulk dens i ty  measurements on ehc bottom 

m a t e r i a l ,  The average seepage r a t e  obtained from the  s a l t  pene t r a t ion  ' 

t e c l~n ique  i s  0,30 m/day, This f i g u r e  agrees very w e l l  with t he  r a t e  

of f a l l  of t h e  water  su r f ace  i n  the same period, which was 0 -29  m/day, 
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SUMMARY AND CONCLUSIONS : 

A technique f o r  eva lua t ing  channel o r  r e s e r v o i r  seepage from t h e  

r a t e  of advance of a s a l t  wave i n  t he  bottom ma te r i a l  was developed, 

The s a l t  wave i s  c r e a t e d  by covering t h e  bottom w i t h  a  l aye r  of  s a l t  

c r y s t a l s ,  For sandy o r  g rave l ly  ma te r i a l ,  NaCl can be used, For 

s o i l s  conta in ing  clay,  CaC12 o r  similar s a l t  should be appl ied  t o  

avoid reduct ions  i n  the  hydraul ic  conduc t iv i tyo  As t h e  s a l t  d i s so lves ,  

p a r t  o f  i t  e n t e r s  t he  'bottoa m a t e r i a l  due t o  geepage* After  t h e  s a l t  

has disappeared the  o r i g i n a l  water  of  the  channel o r  pond aga in  e n t e r s  

the bottom, so  t h a t  the s a l t  ~ o n c e n t r a  ion  p r o f i l e  i n  t h e  bottom a f t e r  

some time tends t o  assunte t h e  form of a  wave, The depeh of the  peak 

conduct iv i ty  i s  measured w i t h  a  s p e c i a l l y  cons t ruc ted  conduct iv i ty  

probe, using a  po r t ab l e  e l e c t r i c  conduct iv i ty  meter ,  Dividing t h i s  

depth  by the  time e lapsed  s i n c e  the  a p p l i c a t i o n  of t he  s a l t  y i e l d s  

the  average v e l o c i t y  of t he  conduct iv i ty  peak, Laboratory s t u d i e s  

on columns of d i f f e r e n t  s o i l  ma te r i a l s  i nd ica t ed  t h a t  the  seepage 

r a t e  can be ca l cu la t ed  by mul t ip ly ing  the  average v e l o c i t y  of the  

conduct iv i ty  peak by the po ros i ty  of the s o i l ,  Thus, t h e  advance 

of the  s a l t  concent ra t ion  peak i s  e s s e n t i a l l y  a  process  of  p i s ton  

flow f o r  t h e  depths of s a l t  pene t r a t ion  considered i n  these  s t u d i e s  

(about 10-15 cm) 

S u f f i c i e n t  s a l t  should be appl ied  t o  c r e a t e  a  well-defined, 

e a s i l y  de tec ted  e l e c t r i c a l  conduct iv i ty  wave i n  t h e  bottom, S tudies  

i n  a  hydraul ic  flume showed t h a t  t h i s  was achieved i f  the  s a l t  

c r y s t a l s  were present  on the  bottom f o r  a t  l e a s t  5 minutes before 

they had completely d isso lved .  For NaCl as  rock s a l t  wi th  c r y s t a l s  
2 

of about 5 nun diameter,  t h i s  r equ i r ed  from 1 kg/m fo r  low v e l o c i t i e s  
2 

t o  2 kg/m f o r  high v e l o c i t i e s  i n  t he  channel,  Very low seepage r a t e s  

may r e q u i r e  higher  r a t e s  of app l i ca t ion ,  

A f i e l d  study was made t o  compare t h e  seepage ca l cu la t ed  w i t h  

t h e  s a l t  pene t r a t ion  technique w i t h  the  r a t e  of f a l l  of t he  water 

l e v e l  i n  a  shallow pond of  about 40 x 40 m i n  s i z e  i n  loam s o i l ,  
L 

S a l t  (CaC12) was appl ied  a t  t e n  loca t ions  of  about lm each of t h e  
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bottom. A t  each  l o c a t i o n ,  1 0  t o  15 probe measurements werc made Tor 

n t o t a l  of 138 measurements,  S o i l  samples werc o b t a i n e d  f o r  d e n s i t y  

d e t e r m i n a t i o n .  Based on t h e s e  nreasuremt~nts, an average  scepagc  r a t < .  

o f  0.30 m/day was c a l c u l a t e d ,  The  r a t e  of' Call o f  t h e  w a t e r  su r l acc !  

i n  t h e  pond d u r i n g  t h e  same p e r i o d  was 0,29 mlday. The s a l t  p e n e t r a -  

t i o n  t echn ique  t h u s  a p p e a r s  t o  be an a c c u r a t e  a s  w e l l  a s  a conven ien t  

t o o l  f o r  seepage  measurement, I t s  f i e l d  a p p l i c a t i o n  i s  n o t  a s  dependent  

on f a v o r a b l e  w a t e r  attd bottom c o n d i t i o n s  a s  i.s t h e  seepage meter  

t e c h n i q u e ,  

PERSONNEL: Herman Bouwer and Rober t  C, R i c e ,  
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Table  1, R e s u l t s  o f  s a l t  p e n e t r a t i o n  s t u d i e s  i n  s o i l  columns, 

Sand 

S a l t  

Laveen Jsam 

Adelanto loam 

Fine s i l t y  clay C . 3 ~ 1 ~  

* average value for eo 
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Table 2, Seepage rakes in rn/day obtained w i t h  salt penetration ~ e c h n i q u t i  
i n  Peoria rese rvo i r ,  The merage va lues  per a rea  oL salt 
a p p l i c a t i o n  are l i s t c d  at the bottom O X  the columns, 
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To meter  

To meter  

Nut 

Phenol ic  Resin  
I n s u l a t o r  

Epoxy i n s u l a t i o n  
1 /8 - inch  Brass Rod 
Threaded 

1 /8 - inch  b r a s s  w i t h  i n s u l a -  
t i o n  t u b i n g ,  Rod i s  soldered 
t o  b r a s s  p o i n t ,  

I n s u l a t e d  w i r  
connected t o  
b r a s s  r i n g  " *25-inch O , D ,  x ,2L-incll 

I , D ,  s t a i n l e s s  s t e e l  
t u b e ,  

Phenol ic  Res in  I n s u l a t o r  

Brass Ring 

Phenol ic  Res in  1nsuLat:or 

Brass Point: 

F i g u r e  1. Probe f o r  measuring e l e c t r i c a l  c o n d u c t i v i t y  i n  
bottom m a t e r i a l  o f  open channe l s  o r  r e s e r v o i r s ,  
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Figure 2 .  Electrical-conductivity profile after application of CaC1 
2 ' 
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Figure 3. Graph of seepage r a t e  versus ve loc i ty  of peak of s a l t  wave, 
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Figure  4 .  Graph of peak minus background c o n d u c t i v i t y  r e a d i n g  v e r s u s  r a t e  o f  s a l t  a p p l i c a t i o n  

f o r  d i f f e r e n t  seepage r a t e s  (on t h e  curves )  and a c o n s t a n t  channe l  v e l o c i t y .  
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Figure 5 ,  Minimum r a t e  of s a l t  app l i ca t ion  versus  I, fo r  d i f f e r e n t  channel v e l o c i t i e s .  
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TITLE : FIELD APPLICATION OF FALLING-HEAD 'UECHNIQUES FOR SEEPAGE METER 

AMI) DOUBIJ3-TUBE MXTHOD FOR I-ZYDRAUIJIC CONDUCTXVITY MEASUREMT:NTS 

LINE PIIOJECT: SWC V I I  gG1 CODE NO. : Ariz,-WCL-14 

PART IT., DOUBLE-TUBE STUDIES 

INTRODUCTION : 

Fie ld  experience w i t h  the  double-tube method over t h e  l a s t  few 

yea r s  i nd ica t ed  t h a t  the  diameter oE the  auger tube should be l a r g e r  

than the  theo ree i a .2  minimum because of suspected s o i l  d i s turbance  

i n  t h e  annular  space between the  inner  and the  o u t e r  tube,  In  view 

of t h i s ,  s t u d i e s  were performed t o  eva lua t e  t he  e f f e c t  of d i f f e r e n t  

tube diameters on the measured va lues  of hydraul ic  conduct iv i ty  and 

t o  determine tube-size combinations requi red  t o  e l imina te  most of t h e  

e f f e c t s  of s o i l  d i s turbance ,  

PROCEDURE : 

Values of K were obta ined  w i t h  an inner  tube of 5 inches diameter 

i n  combination w i t h  ou te r  tubes of 8, 10 and 12 inches diameter .  

Measurements were obtained i n  Adelanto loam and i n  r i v e r  sand a t  a  

depth of approximately 80 cm, In add i t i on  t o  t he  va lue  of K a s  d e t e r -  

mined wi th  t h e  double-tube method, the  v e r t i c a l  hydrau l i c  conduct iv i ty  

K below the  inner  tube was a l s o  measured, using t h e  g rad ien t - in t ake  
v 

technique developed f o r  an iso t ropy  eva lua t ion ,  The Adelanto loam was 

i n  Bermuda g ra s s  lawn and i t  had a  well-developed s t r u c t u r e  w i t h  

~~umerous  r o o t  and worm ho le s ,  The r i v e r  bed sand was only spa r se ly  

vegeta ted  and some h o r i z o n t a l  l aye r ing  of sand of d i f f e r e n t  t e x t u r e s  

could be de tec ted .  For each diameter of t he  ou te r  tube, 6 r e p l i c a t i o n s  

were used f o r  the  loam and 4 fo r  t h e  sand. The auger holes  were approxi-  

mately 1 meter a p a r t  and t h e  d i f f e r e n t  s i z e s  of t he  ou te r  tube were 

a l t e r n a t e d  i n  space and i n  time. 

In add i t i on  t o  s tudying the e f f e c t  of i nc reas ing  the  diameter 

of t h e  ou te r  tube f o r  a  given inne r  tube, the  e f f e c t  of decreasing 

the  diameter of t he  inne r  tube %or a  given ou te r  tube was a l s o  s t u d i e d ,  

This s tudy was included because, where double-tube equipment w i t h  t h e  

previously suggested diameters  of 5 inches and 8 inches i s  a l ready  
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ava i l ab l e ,  reducing the  s i z e  of the inner  tube w i l l  be s impler  than 

inc reas ing  the s i z e  of the  ou te r  tube,  In  t h i s  study, va lues  of K 

were obtained wi th  an inner  tube of 4 inches diameter i n  combination 

w i t h  an 8-inch ou te r  tube,  The r e s u l t i n g  va lues  were then  compared 

w i t h  those obtained w i t h  an inne r  tube of 5  inches i n  combination 

wi th  an o u t e r  tube of 10 inches diameter,  which i n  t h e  l i g h t  of t he  

r e s u l t s  from t h e  s t u d i e s  descr ibed  i n  t he  previous paragraph could 

be taken as  a  s tandard ,  The s t u d i e s  w i th  the smal le r  diameter inner  

tube were again c a r r i e d  out  a t  80-crn depth i n  Adelanto loam and i n  

r i v e r  sand, using r e p l i c a t i o n s  f o r  each s o i l  and each combination 

of tube diameters ,  

The r e s u l t s  of t he  s tudy w i t h  the  5-inch inner  tube and the 8-, 

lo- ,  and 12-inch o u t e r  tubes,  r e spec t ive ly ,  a r e  presented i n  Table 1. 

Since K can be expected t o  be unaf fec ted  by s o i l  d i s turbance  i n  the  
v 

zone between the inner  and ou te r  tube, the  r a t i o s  of  K/K  a r e  ind ica-  
v  

t i v e  of the  e f f e c t  of the outer - tube  diameter on the  measured va lue  

of K ,  The r a t i o s  show t h a t  the LO-  and 12-inch outer - tube  diameters 

i n  Adelanto loam y ie lded  K-values t h a t  were approximately four  times 

those obtained w i t h  the  8- inch diameter .  For t he  sand, t he  K-values 

were three  times a s  high,  For both s o i l s ,  however, t h e r e  was no 

s i g n i f i c a n t  d i f f e r e n c e  between the  va lues  of K/K f o r  t he  10- and 
v 

12-inch outer  tubes,  Therefore,  i t  i s  concluded t h a t  f o r  a  t h i n -  

wal led inner  tube of 5 inches diameter,  a  thin-walled ou te r  tube of 

10 inches diameter was s u f f i c i e n t  t o  e l imina te  most of the e f f e c t s  

of s o i l  d i s turbance ,  The l a r g e r  tube diameters do not  only y i e l d  

higher ,  bu t  a l s o  more uniform va lues  of K than  t h e  8-inch o u t e r  tube. 

The r e s u l t s  of t he  s t u d i e s  w i th  the  smal le r  s i z e d  inner  tube - 

a r e  shown i n  Table 2,  It appears t h a t  the  4"-8" combination of tube 

s i z e s  gives approximately the  same r e s u l t s  as  the  5"-10" combination. 

The average va lues  of K f o r  t h e  4"-8" combination a r e  only s l i g h t l y  

lower than the ones obtained wi th  the  5"-10" combination and, f o r  

the Adelanto loam, t h e  r e l a t i v e  s c a t t e r  i s  only s l i g h t l y  h igher ,  The 

h i g h r e l a t i v e  s c a t t e r  of the d a t a  f o r  both tube combinations f o r  t he  
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sand must be a t t r i b u t e d  t o  nonuniformity of t he  sand i t s e l f ,  s i n c e  

both combinations y i e lded  a wide but  s i m i l a r  range i n  va lues  of K.  

Y AWD CONCLUSlONS : 

Experiences w i t h  the  double-tube method ind ica t ed  t h a t  the  

diameter of the  ou te r  tube should be l a r g e r  than the  t h e o r e t i c a l  

minimtm because of suspected s o i l  d i s turbance  i n  the  annular  space 

between the inner  and the  ou te r  tube,  ~ i e l d  s t d i e s  were conducted 

i n  Adelanto loam and i n  r i v e r  sand using ou te r  tubes of var ious  

diameters  i n  combination w i t h  a cons Cant diameter f o r  t h e  inner  tube ,  

The r e s u l t s  i nd ica t ed  t h a t ,  f o r  an inner- tube diameter of 5 inches,  

an outeer-.tube diameter of 10 inches was s u f f i c i e n t  t o  e l imina te  most 

of t h e  e f f e c t s  of s o i l  d i s turbance  on t h e  measured va lue  of the  

hydrau l i c  conduct iv i ty ,  Values of 4 inches and 8 inches f o r  the  

diameters  of the  inne r  and the  ou te r  tube, r e spec t ive ly ,  a l s o  appeared 

t o  be s a t i s f a c t o r y ,  This i s  of s i g n i f i c a n c e  where double-tube equip- 

ment w i t h  the 5-inch and 8-inch diameters  is  a l ready  ava i l ab l e ,  

because i t  i s  e a s i e r  t o  reduce the  s i z e  of t he  inner  tube than t o  

i nc rease  the diameter of  the  o u t e r  tube ,  The choice between t h e  

5"-10" and 4"-8" combination depends on the  type equipment t h a t  may 

a l ready  be a t  hand, on cons idera t ions  of  t h e  s i z e  of the auger hole  

and the  workabi l i ty  of t he  method i n  t he  f i e l d ,  and on the  s i z e  of 

t h e  s o i l  reg ion  from which K i s  determined. The l a t t e r  i s  twice as  

l a r g e  f o r  the 5- inch inner  tube a s  f o r  the  4 l i n c h  inner  tube. As 

regards  workabi l i ty ,  t h e  l a r g e r  diameter auger hole  permits e a s i e r  

and b e t t e r  c leaning and preparing of  t h e  hole  bottom. Regardless of 

which oE t h e  two combinations i s  used, however, t he  tubes should 

always be thin-walled, have abeveled  edge, and should be c a r e f u l l y  

i n s t a l l e d  a t  minimum depth of pene t r a t ion  i n t o  the auger hole  bottom. 
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Table 1, Comparison between K obtained wi th  the  double-tube technique 

and I<, ca l cu la t ed  from in t ake  r a t e  and v e r t i c a l  g rad ien t ,  
v 

f o r  t h r e e  diameters  of  the ou te r  tube and two s o i l s ,  

Adelanto loam - 
K ( cdmin )  

Kv 
(cm/miat) 

K/ 1qV 

River  sand 

K (cm/min) 

Kv 
(cm/min) 

K/ K~ 
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'j'ablc 2 ,  Comparison bc lwccn  I< o l ~ t a i n c d  wj t h t w o  combinat i o ~ l s  o i Lubc 

diameters f o r  t w o  s o i l s ,  

4 and 8 

5 and  L O  

K o l  r i v e r  sand 

crn/min 
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TITLE: FIELD APPLICATION OF FALLING-HEN) TECHNIQUES FOR SEEPAGE METER 

AND DOUBLE -TUBE METHOD FOR HYDRAULIC CONDUCTIV ITY MEASUREMENTS 

LINE PROJECT: SWC V L I  gG1 CODE NO.: Ariz,-WCL-14 

PART 1 x 1 ,  PROCESSING OF HYDRAULIC CONDUCTIVITY DATA, 

INTRODUCTION : 

Values of  s o i l  hydrau l ic  conduct iv i ty ,  K, obtained wi th  the  double- 

tube  method o r  o t h e r  f i e l d  techniques f o r  K-evaluation gene ra l l y  apply 

t o  a  small  s o i l  reg ion .  Thus, measurements a t  va r ious  po in t s  i n  a  f i e l d  

i n v a r i a b l y  y i e l d  d i f f e r e n t  va lues  f o r  K. I f  the  K-data a r e  t o  be app l i ed  

i n  t he  a n a l y s i s  of a  c e r t a i n  flow system ( t i l e  drainage,  channel seepage, 

ground water  recharge,  e t c . ) ,  processing of  the  d a t a  t o  o b t a i n  simple,  

uniform o r  layered  p r o f i l e s  may be d e s i r a b l e .  I f  t h e r e  i s  no t r end  o r  

b i a s  i n  d i s t r i b u t i o n  of  t h e  K-values, t h e  problem then c o n s i s t s  of 

determining, f o r  a  seemingly randonl d i s t r i b u t i o n ,  t he  "hydraul ic"  mean 

va lue  for  K. I n  t h e  case  of  v e r t i c a l  flow through ho r i zon ta l  l aye r s ,  

which might be c a l l e d  s e r i e s  flow, t he  hydrau l ic  mean i s  t he  a r i t h -  

met ic  mean of  t he  K-values of  t h e  i nd iv idua l  l a y e r s ,  For ho r i zon ta l  

flow through h o r i z o n t a l  l aye r s ,  which may be c a l l e d  p a r a l l e l  flow, t h e  

hyd rau l i c  mean i s  the  harmonic mean o f  the  K-values of t h e  i n d i v i d u a l  

l a y e r s .  Thus, f o r  a  multi-dimensional flow system i n  a  medium wi th  

randomly d i s t r i b u t e d  d i f f e r e n t  va lues  of K, the hydrau l i c  mean can be 

expected t o  l i e  between the  a r i t h m e t i c  and the  harmonic mean. Another 

c a l c u l a b l e  mean t h a t  l i e s  between the  a r i t h m e t i c  and the  harmonic mean 

i s  t h e  geometr ic  mean, S tud ie s  were c a r r i e d  ou t  t o  o b t a i n  in format ion  

o f  how the  d i f f e r e n t  means compare w i t h  the hyd rau l i c  mean va lue9  a s  

determined w i t h  a  r e s i s t a n c e  network analog,  

PROCEDURE : 

Random d i s t r i b u t i o n s  of  K-values were obtained by drawing numbers 

from a box. The numbers were placed i n  a  two-dimensional, square,  

network of 10  x 10 meshes i n  o rde r  of t h e i r  drawing, Two types of 

random d i s t r i b u t i o n s  of  K-values were used. For t h e  f i r s t  type, 

paper s l i p s  w i t h  I<-values of  1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 i n  t he  

amount of 60 s l i p s  Eor each va lue  were depos i ted  i n  a  box. Drawing 
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t h e s e  va lues  y ie lded  a  random d i s t r i b u t i o n  of K-values irom 1 t o  10 

wi th  about equal  r e p r e s e n t a t i o n  of each va lue .  The drawing oE numbers 

was done th ree  times ( s t a r t i n g  each time w i t h  the complete s e t  of 

n m b e r s )  t o  y i e l d  th ree  d i f f e r e n t  random d i s t r i b u t i o n s ,  An example 

of t he  d i s t r i b u t i o n  of  K-values i s  shown i n  Figure 1, The represen-  

t a t i o n  of t h e  d i f f e r e n t  K-values i n  a l l  t h r e e  systems i s  summarized 

i n  Table l O  This type d i s t r i b u t i o n  would be r e p r e s e n t a t i v e  of the  

ca se  where the  K-da a  obta ined  i n  t h e  f i e l d  cover a c e r t a i n  range of 

valttes wi th  no apparent preEerence f o r  any p a r t i c u l a r  va lue  wi th in  

t h e  range 

For the  second type, only two d i f f e r e n t  K-values were used, a  

low va lue  of 1 and a  high va lue  of 10 ,  The r e l a t i v e  proport ion of 

t hese  K-values i n  each system was v a r i e d ,  The propor t ions  of the  ].ow 

and high va lues  a r e  shown i n  Table 2,  Except f o r  t h e  f i r s t  system, 

t h r e e  r e p l i c a t i o n s  were used f o r  each system, An example oE t h e  K- 

d i s t r i b u t i o n  i s  shown i n  Figure 2, which app l i e s  t o  one of t he  r e p l i -  

c a t e s  of system E, The second type of K-dis t r ibu t ion  i s  r e p r e s e n t a t i v e  

of t h e  case  where the  K-data obtained i n  the  f i e l d  f a l l  i n  two d i s t i n c -  

t i v e  groups, one group of high K-values, and one group of  low K-va1.ues. 

This may be encountered i n  a l l u v i a l  depos i t s  where f i n e  and coarse 

s o i l s  occur i n  i r r e g u l a r  fashion.  

For each system, the  a r i t hme t i c ,  harmonic, and geometric mean 

va lues ,  a s  def ined below, were c a l c u l a t e d ,  

Kl + K2 + ---- 
a r i t h m e t i c  mean - Kn 

Ka - n 

- n harmonic mean Kh - 1 1 1 - + - + ---- - 
K1 IC2 ICn 

geometric mean 
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The hydraul ic  mean, 
"hy d ' was determined by s imula t ing  the K-values 

i n  an e l e c t r i c a l  r e s i s t a n c e  network analog and determining the  average 

r e s i s t a n c e  (or conduc t iv i ty )  from a measurement of t he  t o t a l  vo l t age  

drop across  t he  system and the t o t a l  e l e c t r i c a l  c u r r e n t  going through 

t h e  system4 For t h i s  ose, two f l o v  systems were c rea t ed  f o r  each 

s e t  o f  K-values The f i r s t  system was one of 

flow and i t  was o us ing  the  l e f t  and r i g h t  s i d e s  of the  

square network as  e q u i p o t e n t i a l s  and the  top  and bottom a s  s o l i d  

boundaries,  he second system was one o f  predominantly v e r t i c a l  flow 

and i t  was o b t a i  s i n g  the  t o p  and bottom of t he  network as  

eqnipokent ia l s  a e f t  and r i g h t  s i d e s  a s  s o l i d  boundaries,  

s o f  the  analog determinat ion of t he  hydraul ic  mean 

t i o n  of t he  a r i t l m e t i c ,  harnasnic, and geometric means 

f o r  t he  systems i n  Ta l e  I. w i t h  ~ - v a 1 u e s  from 1 t o  10 a r e  presented 

i n  Table 3 ,  ecause the  l<-values a t  t he  boundaries of each system a r e  

not  ident ical . ,  changing e q u i p o t e n t i a l s  t o  s o l i d  boundaries and v i c e  

v e r s a  s l i g h t l y  a l t e r s  the  d i s t r i b u t i o n  of t h e  K-values involved,  The 

d i f f e r ences  between the  va lues  f o r  ho r i zon ta l  and v e r t i c a l  flow a r e  

q u i t e  small ,  however, As  could be expected, K i s  between K and 
hyd a 

Kh, bu t  c l o s e r  t o  K than  t o  Kh, This r e f l e c t s  t h e  a b i l i t y  of t he  a 
flow t o  shunt  i t s e l f  around a reas  of reduced I<, causing the  s e r i e s  

flow along the s t r eaml ines  t o  t ake  advantage of the higher  K-values, 

Although K a l s o  l i e s  between K and Kh, K appears t o  be lower than 
g a g 

IZhy d ' 
It seems t h a t  

$IY d 
i s  b e s t  es t imated by the average of K and 

a 
K which f o r  the  d a t a  i n  Table 3 i s  4 ,57 ,  I f ,  i n s t e a d  of t he  r e l a -  

g 
t i v e l y  uniform d i s t r i b u t i o n  of t he  I<-values a s  i n  systems I, 11, and 

Ill, a more Gaussian d i s t r i b u t i o n  would have been used, t h e  va lues  

f o r  t he  var ious  means would be c l o s e r  toge ther  because of the  g r e a t e r  

r ep re sen ta t ion  of K-values i n  rhe middle range,  

The r e s u l t s  of the  analog a n a l y s i s  and connputations f o r  t he  system 

of Table 2 wi th  K-values of l and 10 a r e  shown i n  Figure 3. The va lues  

on t h e  absc i s sa  a r e  the  percentages of t h e  number of K-values of 1 i n  
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t he  system, The use of t h r e e  r e p l i c a t i o n s  and the a p p l i c a t i o n  o l  

ho r i zon ta l  and v e r t i c a l  flow i n  the analog a n a l y s i s  y i e lded  s i x  

va lues  of i(hlyd f o r  each r a t i o  of It-values. The range of these  s i x  

va lues  is  i n d i c a t  e  v e r t i c a l  l i n e s  i n  Figure 3 ,  The average 

of t he  s i x  va lues  ca t ed  by the  do t s ,  Because of the  i n s i g n i -  

f i c a n t  e f f e c t  of and K the  l a t t e r  were 
8' 

ca l cu la t ed  Eor a l  e  network wi thout  regard  of 

which s i d e s  were t h e q u i p o t e n t i a l  l i n e s  o r  t he  s o l i d  boundaries ,  

n  Figure 3 show t h a t  again 
d 

l i e s  between K and 
a  Kh* 

However, i n  t h i s  case,  the  agreement be en K and K i s  very 
l1y d  g 

good, It is  of int2erest t o  no te  t h a t  
% Y d  

i s  r e l a t i v e l y  c lose  t o  

K i f  the  percentage of the  R-values of I i s  low, and r e l a t i v e l y  
a  

c l o s e  t o  \ i f  t h i s  e rcentage  i s  high,  An explana t ion  of t h i s  may 

be t h a t  when a ermeable med im has occas iona l  s p o t s  of low K, t h e  

flow w i l l  go around these  s p o t s  and the  r e s u l t i n g  p a r a l l e l  flow w i l l  

cause %yd t o  be r e l a t i v e l y  c l o s e  t o  I(,. On the  o the r  hand, t h e  

occurrence of occas iona l  spo t s  of  high I< i n  a  medium of otherwise 

low hydraul ic  conduct iv i ty  w i l l  a t t r a c t  the flow t o  and through the  

permeable spots ,  y i e l d i n g  a  flow p a t t e r n  t h a t  more resembles s e r i e s  

flow, and consequently a  K t h a t  l i e s  r e l a t i v e l y  c l o s e  t o  Kh. The 
hy d  

shape of t h e  curve f o r  
KhYd 

i n  Figure 3 i s  of i n t e r e s t  because i t  i s  

not  what would be i n t u i t i v e l y  expected, Without f a c t u a l  da t a ,  it 

probably would be deduced t h a t  t h e  curve should be S-shaped w i t h  

Khy d  relati .veZy c l o s e  t o  LO f o r  t he  low percentages of K-values of 

1 and r e l a t i v e l y  c l o s e  t o  3 f o r  t h e  h igh  percentages of K-values 

of 1, This i s  because i f  the  percentage of K-values of  1 is  r e l a -  

t i v e l y  low, the medium w i t h  I< = 10 i s  continuous and K might be 
hyd 

expected t o  be r e l a t i v e l y  c l o s e  t o  10, and v i c e  ve r sa ,  As shown 

by Figure 3, however, a  small  percentage of low hydraul ic  conduc- 

t i v i t y  values a l ready  causes s i g n i f i c a n t  reduct ions  i n  
Khyde 

S  Y AND CONCLUSIONS: 

Host f i e l d  techniques f o r  measuring s o i l  hydraul ic  conduct iv i ty  

(K) y i e l d  e s s e n t i a l l y  po in t  measurements, and t e s t s  a t  d i f f e r e n t  
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l o c a t i o n s  wi th in  a f i e l d  o r  s o i l  rype inva r i ab ly  g ive  d i f l e r e n t  

K-values, To apply t h e s e  I<-values i n  t he  a n a l y s i s  of a flow system, 

processing of t he  da t a  t o  o b t a i n  simple, uniform o r  layered p r o f i l e s  

may be d e s i r a b l e ,  This c r e a t e s  the problem of determining the  

"hydraul ic"  mean ( s y d ) ,  which f o r  a random d i s t r i b u t i o n  of K-values 

can be expected t o  I l e  bekween t h e  g r i t hme t l c  mean (K ) and t h e  a 
hamorric mean (I( a l s o  l i e s  between the  

l a t t e r  two. S tu  
d a s  eva lua ted  wi th  a 

r e s i s t a n c e  network analog, w i th  Ka, Kh9 and I( . This was done f o r  
8 

a square n e t w ~ r k  system of 10 x 10 meshes using two types of random 

d i s t r i b u t i o n s  of M-values drawn from a box, The f i r s t  type cons i s t ed  

of systems wi th  K-values from 1 t o  10 w i t h  a r e l a t i v e l y  uniform r e p r e -  

s e n t a t i o n  of each va lue  i n  each system, The second type cons is ted  of 

systems wi th  K-values of 1 and 10, us ing  d i f f e r e n t  proport ions f o r  

each system, Rep l i ca t e  systems and d i f f e r e n t  flow d i r e c t i o n s  were 

used fo r  both types ,  For the  f l r s r  type, 
KhY d 

appeared t o  l i e  j u s t  

about midway between R and K . For the  second type, a Khyd was very 
6 

c l o s e  t o  K , In a l l  cases ,  " > %,d > Thus, where the  average 
6 

K-value of a s o i l  o r  soiL l aye r  needs t o  be determined from po in t  

measurements seemFngly y i e l d i n g  a random d i s t r i b u t i o n  w i t h  no p re fe r -  

ence f o r  any one value,  t he  geometric mean appears t o  y i e l d  a more 

r e a l i s  t i c  average K-value fo r  flow system a n a l y s i s  than  the  a r i t h m e t i c  

o r  harmonic mean, 

PERSONNEL: Merman Bouwer and Robert C, Rice,  
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Table  1, Number o f  K-values from 1 t o  1 0  i n  t h e  t h r e e  random- 

d i s t r i b u t i o n  networks ,  
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Table 2, Numbers of 8-values of 1 and 10 in random-distribution 

networks, 

Sys tern 

B 

c 
D 

E 

F 

6 

El 

X 

Replications 
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Table 3 ,  Values of hydraulic,  ar i thmetic,  harmonic, and geometric mems fo r  v e r t i c a l  and 

hor izonta l  flow i n  systems 

hor izonta l  

systern II 

ver t ica l .  

4,59 

5,02 

2,88 

3,96 

hor i zon ta l  

- 
system "BIP. aver age 

value 

4 -59 
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Figure I ,  D i s t r i b u t i o n  of K-values fo r  system 111, 
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F i g u r e  2 ,  D i s t r i b u t i o n  of K-values f o r  one of t h e  sys tems E ,  
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Figure 3 .  Results  of analog analyses and calculations f o r  systems i n  Table 2. 
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TITLE: EVAPORATION FROM THE SOIL, SULIFACE AND SOIL MOISTTIRE MOVEMENT 

LINE PROJECT: SWC V I Z  - gG5 CODE NO: Ariz-WCZ-19 

INTRODUCTION: 

The annua l  r e p o r t  f o r  1965 s e t s  f o r t h  reasons  f o r  t h e  c u r r e n t  

i n v e s t i g a t i o n  under  t h e  p r o j e c t  o u t l i n e ,  It c o n s i s t s  o f  measurement 

o f  t h e  s u r f a c e  t empera tu re  o f  b a r e ,  wet s o i l  w i t h  an i n f r a r e d  r a d i a t i o n  

thermometer and t h e  a p p l i c a t i o n  of t h i s  measurement t o  t h e  c a l c u l a t i o n  

o f  t h e  e v a p o r a t i o n  from such a  s u r f a c e .  The 1965 a n n u a l  r e p o r t  a l s o  

p r e s e n t s  t h e  t h e o r e t i c a l  background and t h e  i n s t r u m e n t a t i o n  which i s  

b e i n g  used.  It d e t a i l s  t h e  method of c a l i b r a t i o n  and t h e  procedure  

whereby t h e  e m i t t a n c e  o f  t h e  t e s t  s u r f a c e  and t h e  unknown i s  determinecl, 

and, a l s o ,  t h e  method whereby i n c i d e n t  r a d i a t i o n  from t h e  sky  i s  

measured. 

I n  1966, t h e  e n t i r e  procedure  was p u t  t o  t h e  t e s t  by a  s e r i e s  o E  

outdoor  measurements u s i n g  t h e  weighable  l y s i m e t e r s  a s  t h e  s t a n d a r d  of 

comparison f o r  e v a p o r a t i o n .  Also i n  1966, an improved procedure  was 

adopted f o r  t h e  measurement o f  the  e m i t t a n c e  o f  t h e  na tu ra l .  s u r i a c e ,  

a procedure  f i r s t  p u b l i s h e d  by B u e t t n e r  of Washington S t a t e  U n i v e r s i t y .  

The e n t i r e  i n v e s t i g a t i o n  wi th  r e s p e c t  t o  e v a p o r a t i o n  fro111 b a r e  

s o i l  was concluded d u r i n g  1966, and i s  c u r r e n t l y  b e i n g  documented i n  

t h r e e  r e p o r t s .  For  d e t a i l s  o f  t h e  i n v e s t i g a t i o n  and i t s  r e s u l t s  t ~ h e s c  

r e p o r t s  should  b e  c o n s u l t e d .  (See p u b l i c a t i o n  l i s t  under  Conaway). 

PKOCEDUfX : 

I n  a d d i t i o n  t o  t h c  p rocedures  l i s t e d  i n  t h e  1965 annua l  r e p o r r ,  

a  s o - c a l l e d  e m i t t a n c e  box was c o n s t r u c t e d  accord ing  t o  t h e  s u g g e s t i o n s  

of B u e t t n e r ,  w i t h  minor m o d i f i c a t i o n s .  This  box c o n s i s t s  of a  go ld -  

p l a t e d  v e r t i c a l  e n c l o s u r e  w i t h  a  grooved and blackened c e i l i n g  t h a t  

can b e  covered w i t h  a  g o l d - p l a t e d ,  s l i d i n g  c e i l i n g .  The t empera tu re  

of t h e  b l a c k  c e i l i n g  can b e  measured by means of thermocouples and the  

i n f r a r e d  thermometer views t h e  bottom of t h e  box, which i s  t h e  unknown 

s u r f a c e ,  through a  s m a l l  peep-hole  i n  t h e  c e i l i n g .  By p l a c i n g  t h c  box 

over  t h e  n a t u r a l  s o i l  s u r f a c e  and malti.ng two s u c c e s s i v e  measurements 

w i t h  a  r a d i a t i o n  thermometer, one w i t h  t h e  g o l d - p l a t e d  c e i l i n g  i n  

p lace ,  and one w i t h o u t  i t ,  t h e  l a t r t e r  complemented by a  tneasurcmcnt of: 
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t h e  b l a c k  c e i l i n g ,  the  t empera tu re  e m i t t a n c e  of t h e  unknown surlclcc> 

i s  e a s i l y  determined any t ime d u r i n g  t h e  day o r  n i g h t ,  and i n  a  

r e l a t i v e l y  s h o r t  p e r i o d  o f  t ime of s e v e r a l  minu tes .  S i n c e  t h e  

measurements can b e  made o v e r  a  ~ i a t u r a l  u n d i s t u r b e d  s u r f a c e ,  t h e    net hod 

i s  o b v i o u s l y  s u p e r i o r  t o  t h e  one t h a t  was used i n  1965, i n  which 

samples were b rought  i n t o  t h e  l a b o r a t o r y  f o r  measurements. 

As s t a t e d  i n  t h e  1965 annua l  r e p o r t ,  a  c a r t  was c o n s t r u c t e d  on 

which rhe rad iomete r  was mounted i n  such a  way t h a t  i t  could  be  wheeled 

over  a  t r a c k  i n  t h e  f i e l d  t o  v a r i o u s  l o c a t i o n s  o f  i n t e r e s t .  The c a r t  

was a l s o  made s o  a s  t o  e n a b l e  t h e  o p e r a t o r  t o  push t h e  r e f e r e n c e  

s u r f a c e  i n  t h e  beam of t h e  i n f r a r e d  thermometer f o r  t h e  purpose  of 

measur ing t h e  sky r a d i a t i o n ,  Using t h e  weighable  l y s i n l e t e r s  a s  

s t a n d a r d s ,  a  s e r i e s  of t h r e e  exper iments ,  each o v e r  a  24-hour p e r i o d ,  

was c a r r i e d  o u t  i n  A p r i l  and May of 1966. These c o n s i s t e d  of 

measuring t h e  a c t u a l  e v a p o r a t i o n  r a t e  and t h e  s o i l  s u r f a c e  temr ~ e r a t u r e  

on a l l  t h r e e  l y s i m e t e r s ,  t o g e t h e r  wi th  o b s e r v a t i o n s  on winclspetd, a i r  

t empera tu re ,  and a i r  humid i ty  a t  I m ;]hove the  b a r e  s o i l  s u r f a c c .  

Measurements were made every  15 o r  30 minutes .  

Using t ime-shar ing  computing procedures ,  t h e  rad iomete r  

i n d i c a t i o n s  were conver ted  i n t o  e q u i v a l e n t  blackbody tempera tu res  and, 

w i t h  t h e  a i d  o f  t h e  p r e v i o u s l y  measured e m i t t a n c e s  of b o t h  t h e  

r e f e r e n c e  and t h e  unknown s u r f a c e ,  t h e  a c t u a l  blackbody r a d i a t i o n  of 

t h e  s o i l  was found, and t h e  s u r f a c e  t empera tu re  c a l c u l a t e d .  Knowing 

t h a t  t h e  s u r f a c e  was wet and s a t u r a t e d ,  t h e  vapor  p r e s s u r e  a t  t h e  s o i l  

s u r f a c e  was t h e n  known. 

Using t h e  vapor  p r e s s u r e  a t  t h e  s u r f a c e  and having measured t h e  

vapor p r e s s u r e  a t  1 rn above t h e  s u r f a c e ,  t h e  e v a p o r a t i o n  was Ll-ten 

c a l c u l a t e d  u s i n g  t h e  f  01 lowing e q u a t i o n :  

-1 - 2  
II = ( p r l p )  (eo - u 

C Z  z 
g s e c  cm 

2 
C = b / [ l n  z /zo]  

2 
climerls i o n l e s s  

Z 

i n  t h e s e  two e q u a t i o n s  E i s  t h e  e v a p o r a t i o n  r a t e ,  p i s  t h e  d e n s i t y  of 

Annual Report of the U.S. Water Conservation Laboratory



t h e  a i r  i n  grams p e r  c u b i c  c e n t i m e t e r ,  r i s  t h e  w a t e r l a i r  molecu la r  

r a t e  r a t i o ,  p i s  t h e  ambient p r e s s u r e  i n  m i l l i b a r s ,  e  i s  t h e  su r fac i .  
0 

vapor p r e s s u r e  i n  m i l l i b a r s ,  e  i s  t h e  vapor  p r e s s u r e  a t  e l e v a t i o n  z, 
z 

C i s  t h e  d r a g  c o e f f i c i e n t ,  u  i s  t h e  windspeed a t  e l e v a t i o n  z i n  
z Z 

c e n t i m e t e r s  p e r  second, k i s  t h e  von Karman c o n s t a n t ,  z t h e  e i e v a t i o n  

i n  c e n t i m e t e r s ,  and z t h e  s u r f a c e  roughness pa ramete r ,  The Express ion 
0 

For E  i s ,  of  course ,  a  Da l ton  e q u a t i o n  based on t h e  s imple  l o g a r i t h m i c  

wind law, and i t  has  been used by us  b e f o r e  i n  t h e  u s e  of t h e  

combinat ion method. Using t h i s  formula w i t h  t h e  known s u r f a c e  vapor 

p r e s s u r e ,  t h e  e v a p o r a t i o n  was c a l c u l a t e d  f o r  h o u r l y  p e r i o d s  f o r  each 

o f  t h e  t h r e e  days  o f  t h e  t e s t s ,  The c a l c u l a t e d  v a l u e s  were then 

compared t o  t h o s e  g iven  by t h e  weighable  l y s i m e t e r s .  

RESULTS AND DISCUSSION: 

The r e s u l t s  of comparison between c a l c u l a t e d  and d i r e c t l y  

measured e v a p o r a t i o n  r a t e s  over  b a r e  s o i l  were e x c e l l e n t .  Th i s  i s  

exempl i f i ed  by t h e  d a t a   show^ f o r  t h e  29th  of A p r i l  1966 i n  F igure  1. 

On a  d a i l y  b a s i s  t h e  d i r e c t l y  measured e v a p o r a t i o n  was 6 . 9 1  mm, 

whereas t h e  e v a p o r a t i o n  c a l c u l a t e d  from s u r f a c e  t empera tu res  was 

6 .88  m. S i n c e  t h e  e n t i r e  c a l i b r a t i o n  procedure  o f  t h e  raclio- 

thermometer, i t s  u s e  and t h e  measurement o f  t h e  e m i t t a n c e  of t h e  two 

s u r f a c e s  involved must be  cons idered  a s  pr imary measurements, t h e  

r e s u l t s  r e p o r t e d  h e r e  a r e  a  t e s t  of t h e  e v a p o r a t i o n  model,  S ince  t h e  

log-law model i s  a  v e r y  f a m i l i a r  one and used e x t e n s i v e l y ,  sometimes 

w i t h  apprehensions ,  our  r e s u l t  i s  a  most s i g n i f i c a n t  one.  It 

demons t ra tes  t h a t  t h e  d i s t u r b i n g  e f E e c t  of i n s t a b i l i t y  o r  s t a b i l i t y  of 

t h e  a i r  o v e r  a n  e v a p o r a t i n g  s u r f a c e  does n o t  i n t e r f e r e  wi th  t h e  

accuracy of t h e  log-law, when t h e  measurements a r e  made c l o s e  t o  t h e  

s u r f a c e  a s  we d i d .  It shoulcl be  metltioned t h a t  t h e  v a l u e  f o r  t h e  

s u r f a c e  roughness  parameter  was determined s e v e r a l  y e a r s  ago by 

P r i t s c h e n  on t h e  same f i e l d .  S i n c e  t h i s  v a l u e  and t h e  d i r e c t  

measurement w i t h  t h e  l y s i m e t e r s  a r e  t h e  on ly  c r i t i c a l  v a l u e s  involved 

i n  t h e  c a l c u l a t i o n ,  t h e  e n t i r e  r e s u l t  s t a n d s  o u t  a s  a  s imple  and 

i r r e f u t a b l e  t e s t  of t h e  log- law.  

An i n t e r e s t i n g  s i d e  r e s u l t  of our  s t u d i e s  had t o  do w i t h  t h e  

i n t e n s i t y  and d i s t r i b u t i o n  i n  t ime of t h e  sky i r r a d i a n c e .  From 
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consu l t i ng  the l i t e r a t u r e  and o the r s ,  doing s i m i l a r  work, we had 

obtained the  impression t h a t  t h e  radiance from t h e  sky i n  t he  bandpass 

of the  radiometer would, on c l e a r  days, no t  only be r e l a t i v e l y  smal l  

and perhaps n e g l i g i b l e ,  bu t  a l s o  r a t h e r  i n v a r i a n t  wi th  time s i n c e  i t  

would, presumably, r ep re sen t  only r a d i a t i o n  from ozone i n  t h e  upper 

he igh t s  of t he  atmosphere. However, when we monitored sky rad iance  

with the  r e f e rence  su r f ace  every 30 minutes on a  number of days i n  

1966, i t  was soon found t h a t  t h e r e  was a  s t rong  d i u r n a l  v a r i a t i o n  on 

many days, and t h a t  a l s o  t h a t  va lues  could become q u i t e  high during 

the  daytime, a s  high a s  3 112 t o  4 m i l l i w a t t s  per  square cent imeter .  

The l a t t e r  va lue  would correspond t o  equiva len t  blackbody temperatures 

of the order  of 50 degrees cent igrade ,  and obviously cannot be  ignored 

i n  a  c a l c u l a t i o n  of the  su r f ace  temperature,  even i f  the su r f ace  

emis s iv i ty  i s  c l o s e  t o  I .  

When we s t a r t e d  t o  i n v e s t i g a t e  the  cause of t hese  observa t ions  

we could only f i n d  the  ozone concent ra t ion  c l o s e  t o  t he  su r f ace  a s  a  

c o r r e l a t e d  parameter.  These ozone d a t a  were made a v a i l a b l e  t o  us  by 

t h e  Maricopa County Heal th Department a s  p a r t  of t h e i r  rou t ine  a i r  

p o l l u t i o n  monitor ing.  A comparison with t h e  world wide d a t a  on ozone 

concent ra t ion  revealed t h a t ,  a t  the  Phoenix s i t e ,  ozone concentrations 

would o f t e n  be  i n  excess of a  normal .04 p a r t s  per  m i l l i o n  on a  volume 

b a s i s  during the  daytime a s  a  r e s u l t  of t h e  emission from c a r s  and the  

e f f e c t  of s u n l i g h t .  During t h e  n igh t  ozone concent ra t ions  drop, and 

so  does both the  v a r i a b i l i t y  and the  i n t e n s i t y  of t he  sky rad iance .  

From these  f ind ings  we have concluded t h a t  i t  i s  necessary t o  

monitor the sky rad iance  cont inuously when su r f ace  temperatures a r e  

being monitored. With the  use  of t h e  re ference  su r f ace  t h a t  we have 

introduced (see  1965 annual r e p o r t )  t h i s  i s  a  simple ma t t e r .  Also, a t  

l e a s t  f o r  t h e  purpose of computing evaporat ion,  one can show t h a t  the  

neg lec t  of t he  sky rad iance  i n  su r f ace  temperature computation may 

cause l a r g e  e r r o r s  i n  t he  computed evaporat ion r a t e ,  up t o  10 percent  

of t he  hourly va lues .  

I n  a r eas  where a i r  p o l l u t i o n  i s  no t  a s  pronounced, and ozone 

concent ra t ions  a r e  determined only by the  exchange between the  
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t r o p o s p h e r e  and t h e  s t r a t o s p h e r e  t h e s e  c o n s i d e r a t i o n s  need n o t  

n e c e s s a r i l y  app ly .  

With t h e  s t u d i e s  and r e s u l t s  r e p o r t e d  h e r e  t h e  invcs  t igaLion  

of b a r e  s o i l  e v a p o r a t i o n  i s  concluded.  We hope t h a t  i t  i s  p o s s i b l e  t o  

extend t h e s e  methods t o  t h e  measurement of t h e  t empera tu re  oP c r o p  

c a n o p i e s .  Whereas such measurements have a l r e a d y  been made by o t h e r s ,  

t h e y  have n o t  been a p p l i e d  t o  t h e  problem of e v a p o r a t i o n  from a  p l a n t  

c o v e r .  

SUMMARY AND CONCLUSIONS : 

During 1966 d i r e c t l y  measured r a t e s  of e v a p o r a t i o n  from b a r e ,  

wet s o i l ,  u s i n g  weighable  l y s i m e t e r s ,  were compared w i t h  r a t e s  

e s t i m a t e d  from a  s imple  mic rometeoro log ica l  model. T h i s  modcl embodied 

a  t r a n s f e r  e q u a t i o n  u s i n g  a  Da l ton- type  e x p r e s s i o n  and t h e  l o g a r i t h m i c  

wind law. It n e c e s s i t a t e d ,  b e s i d e  t h e  measurement o f  windspeed and  

vapor  p r e s s u r e  a t  1 m above t h e  s u r f a c e ,  a  measurement o f  t h e  t r u e  

s u r f a c e  t empera tu re .  

The s u r f  a c e  t empera tu re  measurement was s u c c e s s  f u l l y  accompl i s  hed 

by u s i n g  an i n f r a r e d  r a d i a t i o n  thermometer (Barnes 1-T-2) w i t h  somc 

a c c e s s o r i e s  developed e s p e c i a l l y  f o r  t h e  purpose d u r i n g  1965. The 

measurement o f  t h e  s u r f a c e  t empera tu re  c o n s i s t s  of a  r e c o r d i n g  of t h e  

r a d i a t i o n  from t h e  s u r f a c e ,  t h e  r a d i a t i o n  from t h e  sky and a  knowledge 

o f  t h e  e m i t t a n c e  o f  t h e  s o i l  s u r f a c e .  A number o f  measurements 

c a r r i e d  o u t  d u r i n g  t h e  l a t e  s p r i n g  of 1966 showed t h a t  r o u t i n e  

d e t e r m i n a t i o n  of s u r f a c e  t empera tu res  w i t h i n  0 . 2  d e g r e e s  c e n t i g r a d e  i s  

f e a s i b l e  . 
The comparison between c a l c u l a t e d  and measured e v a p o r a t i o n  r a t e s  

Erom b a r e  s o i l  was extremely c l o s e ,  and i t  a l lows  u s  t o  conclude t h a t  

t h e  s imple  log-law model of vapor  t r a n s f e r  above a  b a r e  s u r f a c e  i s  

a c c u r a t e  even though d u r i n g  p a r t  of t h e  measuring p e r i o d  t h e  a i r  was 

u n s t a b l e  and, aga in ,  d u r i n g  o t h e r s  was q u i t e  s t a b l e .  N e v e r t h e l e s s ,  

t h e  c o n s i d e r a t i o n  of any c o r r e c t i o n s  f o r  a i r  s t a b i l i t y  was a p p a r e n t l y  

unnecessa ry .  Th is  c o n c l u s i o n  i s  of c o n s i d e r a b l e  p r a c t i c a l  

s i g n i f i c a n c e ,  because  t h e  log-law e x p r e s s i o n  i s  wide ly  used i n  o t h e r  

a p p l i c a t i o n s  of mic rometeoro log ica l  d a t a  f o r  t h e  purpose  of e s t i m a t i n g  
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evaporation. 

PERSONNEL : 

J .  Conaway, C. H ,  M. van Bavel 

00 03 
MST 

Figure 1. Measured (solid dots) and calculated (open dots) 

values of hourly evaporation rates from wet, bare soil 

using radiometrically obtained surface temperatures to 

obtain the surface vapor pressure e . 
0 
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TITLE: C O N S W T Z V E  USE OF WATER BY CIICiPS LN AKXZONI;, 

L I N E  PROJECT:  SWG ZX-gG3 CODE NO, : A l - i > ,  * - \CLe-2J 

SUBPROJECT T I T L E  : REIA'IIONSN1.P OF HETEOEOLOGTCAL FERSUREMBNTS WITH 

C O N S U W I V I S  USE FOR OVTTMW COTTON PZZODUCTLON. 

, see  previous Annual Reports, Several  new 

v a r i e t i e s  have been introduced i n t o  Arizona Cotton production, 

these  new v a r i e t i e s  should be grown using recomt~endecl 

chniques developed severa l  years  ago, 

I. To c o r r e l a t e  c e r t a i n  ae tes ro log iaa l  measurements w i . t h  watlcr 

maxaagement on, cot ton ,  

2, Determine he comparative production of present-day eoreon 

v a r i e t i e s  wi th  o lder  v a r i e t i e s ,  under a previously determined 

a t i v e  consumptive use f o r  various v a r i e t i e s  

of cot ton.  

PROCEDURE : 

The experiment is  Located on Fie ld  6-1 a t  the  Universi ty of Arizona 

Cotton Research Center,  Phoenix, Arizona, The f i e l d  had been i n  a l f a l f a  

f o r  the  previous WQ years ,  120 pounds of n i t rogen a s  urea was applied 

on February 23, t h e  f i e l d  plowed, furrowed out ,  and a pre-planting 

i r r i g a t i o n  applied on r c h  18. Qn Apr i l  l, Deltapine Smoothleaf was 

planted on the  East  ha l f  of the  f i e l d ,  The West ha l f  was planted i n  

four-row p l o t s  t o  f i v e  v a r i e t i e s ;  Deltapine Smoothfeaf,StoneviLle 213, 

Acala 44-10, Hopicalla, and Pima S-4$ i n  a randomized block design 

rep l i ca ted  4 times, 

I r r i g a t i o n s  were given when v i s u a l  p lant  symptoms and s o i l  mois tu rc  

determinations indicated the  p lant  needed water.  I n  so  doing, an. attcmpt 

was made t o  dupl ica te  the  65% concept recommended by t h i s  o f f i c e ,  

Var ie t i e s  on the  WesC s i d e  were i r r i g a t e d  on the same day, rei;ardless of 

dif ferences  i n  s o i l  moisture tensions,  
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"Lithe" atmographs and ne t  radiometers were i n s t a l l e d  i n  the 

East half of the  f i e l d  about June 15. 

Yield measurements were made on 260 f e e t  of the  two ins ide  rows 

of the four-row p lo t s ,  o  pickings were made, the  f i r s t  with hand 

pickers  and the  second by machinc. Samples were saved a t  cach p i c k i n g  

and processed t o  determine l i n t  percentage, 

S o i l  moisture measurements were made a t  three  locat ions  on the 

East  s i d e  and on a l l  v a r i e t i e s  i n  th ree  r e p l i c a t i o n s  on the West s i d e ,  

Coteon was planted o i  Apr i l  1 and an exce l l en t  stand was obtained, 

Hean temperatures were higher than normal i n  Apr i l  and the  cot ton  made 

exce l l en t  ea r ly  growth. I r r i g a t i o n s  were given on May 18, June 1 7 ,  

Ju ly  6 and 27, Au use 17, and September 22, A 1 1  i r r i g a t i o n s ,  except 

t h a t  of J u l y  6th,  were given when s o i l  moisture dep le t ion  from tile top 

th ree  f e e t  was a t ,  o r  near ,  65%, S o i l  moisture dep le t ion  was somewhat 

g r e a t e r  before the  Ju ly  6 t h  i r r i g a t i o n ,  although no extreme plant  s t r e s s  

condi t ions  were noted. Some uneveness i n  d i s t r i b u t i o n  of water was 

noted, due t o  high and low spo t s  wi th in  the  f i e l d .  During each irb-i- 

gat ion ,  severa l  rows on each s e t  were connected together  i n  an  attempt 

eo a t t a i n  more even d i s t r i b u t i o n ,  

Two dus te r s ,  along with heavy r a i n s ,  occurred on August 1 7  and 18. 

Wind gus ts  reached 50 miles per hour during each of the  storms, A l l  

v a r i e t i e s  were damaged and cot ton  from open b o l l s  was s t rung out t o  

some degree, Cotton p lan t s  were f l a t t e n e d  out  t o  some ex ten t  and 

excessive secondary growth occurred when plants  f a i l e d  t o  r e t u r n  t o  

t h e i r  normal upright  pos i t ion .  Ivlaturity of late-season boll. s e t  was 

prolonged a s  no k i l l i n g  f r o s t s  occurred before the  f i n a l  harves t .  
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TABLE 1. Y i e l d  of Cotton from Two 260-~oot  Rows. 

DELTAFXNE 

SEED 
COTTON 

58,O 

69,8 

97.0 

127,3 

43*3 

143 - 3  

47,s 

7 1 , O  

5O,3 

TABLE 2. So i l  Moisture Depletion by Depths i n  Inches and Percent 

. -. .-- 

0 - 1  

- 2 

2 - 3  

3 - 4 

4 - 5  

5 - 6  

TOTAL 

---- 
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RY A mvla COHCLUS IONS : 

Seasonal consmpt ive  use a s  measured i n  1966 under recomrneiaded 

i r r i g a t i o n  managment techatiques was nearly equal t o  the  mean developed 

from nine years of previous research,  However, the  seasonal use may 

have been af fec ted  by e i t h e r  of o f f s e t t i n g  conditions -- l a ck  of new 

growth on p lan t s  l a i d  f l a t  by severe winds, or  secondary vegeta t ive  

growth a r i s i n g  a f t e r  he storms, The peak use occurred about two t o  

th ree  weeks e a r l i e r  than expected, The ea r ly  p lant ing da te  and 

condit ions favoring excel lent  ea r ly  growth may account i n  p a r t  f o r  

t h i s  f a c t ,  

Percent s o i l  naoisture'depletion was q u i t e  s imi la r  f o r  a l l  v a r i e t i e s  

a t  each depth, The f a c t  t h a t  t o t a l  consumptive use was somewhat l e s s  

lrna S-4 would ind ica te  f u r t h e r  research i s  j u s t i f i e d  on t h i s  v a r i e t y .  

Yields obtained i n  1966 seemed des i rab le  f o r  cot ton grown under 

presently recommended i r r i g a t i o n  teclmiques. As mucll a s  75% of the 

t o t a l  y ie ld  was picked a t  the f i r s t  harvest  on a l l  v a r i e t i e s  except 

Acala. Over half of i t s  y ie ld  was picked a t  the  l a s t  harvest ,  

EL: Leonard J, Erie and Orrin I?, French. 
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?'lTItE : MRASUR CNG tIOII TZONTAJ, AND VI:R'I'TCAI, CONDUC'I' TV I l 'Y  OE' T111+, SOLI, 

WITll 'rl-11; l)OUBI,E-TUISI' M1:'T'liOJ) 

L I N E  PROJECT: SWC: V I  l 4 - g G 1  CODE NO,  : AI-i z.-WCI,-25 

INTRODUCTION : 

The deve l opment o r  t illi. l a s  l - t-c\sp~rrsc p i t~zornc~ters  ( s ~ c  Annua1 

Repor t  1965) has  been rx lendcd  t o  t h a t  u l  a  m u l t i p l e  t ens ion le te r  

sys tem,  Such ri sys tem can be I I S C ~  i n  ground wa te r  r e c h a r g e ,  d r a i n a g e ,  

aird i n l i l  t r a t i o r l  i i1ves t igat . i  oris9 or  'lily o t h e r  s t u d i e s  where p r e s s u r e -  

l ~ a d  d a t a  R L  a  n-um wr of p o i n t s  i s  d e s i r e d ,  An i n t c r e s t L n g  a p p l i c a ~ . i . o n  

would a l s o  bc t h e  d e t e r m i n a t i o n  ol Lhe u n s a t u r a t e d  h y d r a u l i c  conduc- 

t i v i  t y  c h a r a c t e r i s  t i c  i n  t h e  f i e l d ,  Fo r  t h i s  purpose ,  p ressure -head  

measurement:; a t  v a r i o u s  d c  11s a r e  combined w i t h  t i l a ~ e r  c o n t e n t  

measurelnents t o  o b t a i n  t h e  d e s i r e d  inforotat i ion,  The tcnsiorne t c r  

sys tem cmploys one L r a r ~ s d u c ~ r  arid a s w i t c h i n g  arrangement  t o  accom-p 

rnoclatc a number o l  t c n s i o m e t e r s ,  

PR0CEJ)IJKE : 

Te rt s  i ontc "L r 'The B ciisiooieLer sysCcm c o n s i s t r ~ t l  o l L p n  

tcnsiotncbtcr ceramics  c o i ~ n t ~ c l c r l  t o  a p r r s s u r c  L i~a~ ls t luce~-  ~llrou);h n 

1 2 - p o r t  scann ing  v a l v e  (F igure  l ) ,  The s i g n a l  Prom t h e  t r a n s d u c e r  

was rpcorrled on a  m i L l i v o l t  r e c o r d e r ,  'The v a l v e  i s  cquipped w i t h  a 

s o l e ~ ~ o i c l  swi tchin;: motor t h a t  i s  energizeci  w i t h  a t imer  , T lw  sw i t  cliirlg 

Lime i n ~ c . r v a J  shou ld  b e  Long enough Cor t h e  sys tem t o  e s s e n t i a l l y  

r e a c h  e q u i l i b r i u m  a t  each t e n s i o m e t e r  p o s i t i o n  y e t  f a s t  enough t o  

comple t e  the  e n t i r e  s c a n  w i t h o u t  los in f ;  any s igr l i  l i  canr  e v e n t s ,  Tile 

swi tchi.tig t ime i n t e r v a l ,  t h e r e f o r e ,  w i l l  depend upon t h e  response  

t ime of t h e  sys tem and t h e  Lype of  s o i l  i n  wtiich t h e  t e n s i o m e t e r s  a r e  

p l a c e d ,  The scann ing  v a l v e  i s  a  s h e a r  t y p e  v a l v e  w i t h  p r e c i s i o n  

machined pa r t s  which r e s u l t  i n  no d e t e c t a  4e volume change when s w i t c h -  

i.ng lrom one p o r t  t o  a n o t h e r ,  The t e n s i o m e t e r  ce ramics  were 3 cm long,  

1 , 3 c  rii i n  d i ;me c l ,  and had a brrbbkiug p r e s s u r e  o f  1300 mb. Thcy were 

connected t o  b r a s s - t u b i n g  l i L t i n g s  wit.11 epoxy ( b i g u r e  2) , Ny Ion 

t u b i n g ,  3 /16 i n c h e s  O , I l , ,  was used t o  connect  t h e  t e n s i o m e t e r  ceramic  

w i t h  trhe scann ing  l ~ a b v e ,  To f a c i l i t a t e  i n s t a l l a t i o n  and r e t r i e v a l  
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of tlicl tcr~siorttet c r s ,  L Ire b r a s s -  t uhiii;: f i t t i n g  wi th t lw  ceramic  was 

connected t o  %-ins11 g a l v n n i ~ c ' t l  ~ i t ~ ~ ~ l  p i p e ,  F'or t h i s  purpose ,  a nut  

was s o l d e r c d  i .11~0 t h e  p ipc  aL illp bottom, Z'lze l e n g t h  of t h e  s t e e l  

p ipc  was such  t h a Q  L k  Lop o i  L!ie p i p  would bcs 15 ctn below ground 

s u r  Lace, 

Thc trarlsciucirrr may undergo a  z e r o  s h i l t  or: c a l i b r a t i o n  change 

when exposed Lo Lemperature changes ,  For t h i s  r eason ,  r e c o r d s  of  

t h e  z e r o  r e f e r e n c e  and c a  l . ibrat iorr  were a l s o  rnaintai~tecl ,  The z e r o  

r e f e r e n c e  was o b t a i n e d  y connectii1g one p o r t  from t h e  v a l v e  t o  a 

f r e e  w a t c r  s u r f a c e  at t llc Lransdus r r  l e v e l  , Tile cnl  i h r a e  i o n  was 

o b t a i n e d  by c o n n e c t i r ~ g  nnotlrcr p o r t  tct n r c f c ~ r e n c e  I e v c ?  100 cnt 

below t he t r a n s d u c e r ,  For e v e r y  ctsmplete s c a n  o f  t h e  tens iome tei- 

system, a  c a l i b r a t i o n  check arttl m r o  referc.ncc. were o b t a i n e d  i n  t h i s  

Inar1nc:r . 
er imcr i t ,  W l ~ r b r l  t h c  riy Son tub ing  I cads  lrom t h e  

ccrami c t o  t h e  t r a n s d u c e r  were c~xposc~rl t o  t h e  open a i r ,  co i t s idc rab l  e 

prcbssurt l  f l u c t u a t i o n s  were observed which were l i k e l y  caused by 

r a p i d  char~ges  i n  t e m p e r a t u r e ,  To s t u d y  t h i s  phenomenon and t o  fitid 

ways t o  avoid  r h c  t e m p e r a t u r e  e f f e c t s ,  t h e  t e n s i o m e t e r  sys tem was 

:,e t 111' i l l  a 55 -ga l lon  drum f i l l c d  w i  t h I a v c e n  loam, A g r a v e  L d r a i n a g e  

1 ayer  was provrided i x l  "cie b o t t r m  of t1-1~: drum, The p r e s s u r e  head i n  

t l l i s  l a y e r  cou ld  be c o n t r o l l e d  s o  t h a t ,  a t  e q u i l i b r i u m  c o n d j t i o n s ,  t h e  

t r u e  p r r s s u r e  head f o r  each  Ler~sionreter  was known, A 1  t e r  tllc s o i l  was 

s a t u r a t e d  from t h e  bottom, t e t l s iomete r s  were i n s t a l  l e d  a t  d i f l e r e n t  

d e p t h s .  W i  tli t h e  t ens io rne te r s  i n  p lace ,  t h e  drum was p laced  oucsi.de 

i n  t h e  open a i r  t o  de te rmine  t h e  ~nagri i tude o f  t h e  p r e s s u r e  f l u c t u -  

a t i o n s ,  Then t h e  b a r r e l  was compl-etcly e n c l o s e d  i n  a  plywood box t o  

p reven t  any r a p i d  t empera tu re  changes r e s u l t i n g  Erotn a i r  movcment 

bur a l lowing  d iu rna l .  t e m p e r a t u r e  v a r i a t i o n s  i n s i d e  t h e  box. In 

a n o t h e r  t e s t ,  t h e  b a r r e l  was i n  t h e  open bu t  o n l y  the  nylon l e a d s  

were i n s u l a t e d  u s i n g  L ? / 8 - i n c h  O,D, x %-inch  T , D ,  foam rubber  

i n s u l a t i o n  t u b i n g ,  T h i s  was done because  i n  most l i e l d  exper iments  

i L i s  not  f e a s i b i e  t o  comple te ly  e n c l o s e  t h e  t e n s i o m e t e r  s y s  t a n .  
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'l'l~c t r a n s d u c e r  and scrrrlnir~g valve. wc.r-e p l  acc~cl i n  a  s t y  t-oi'oam i n s u l  ;it ed 

box acl jaccnt  t o  [ h e  b a r r e l  in  a l l  ~ ; i s c s ,  

7'tre f i e l d  c>xpcri.ntent was dcs igncd  t o  t e s i  t h e  

f i e l d  bchav io r  of  t h e  sys tcm w h i l e  measuring t h e  p r e s s u r e  p ro f i l<a  

d u r i n g  i n f i l . t r a t i o n  and d r a i n a g e ,  'l'lic t c ~ ~ ~ u i u m e t c l -  sys tem was i n s  t a  1 l t>d 

i n  Adelanto  loam w i t h  a  Bermuda y,rnss covc;r 30 It e a s t  o f  Bu i ld ing  5 ,  

A neutron a c c e s s  tube  was used t o  obtai.11 wa te r  c o n t e n t  p r o f i l e s  i n  t l ~ c  

c e n t e r  o i  t h e  t e s t  p l o t ,  Locatiorl  and d e p t h  of t h e  t c ~ n s i o m e t e r s  i n  t h e  

t e s t  p l o t  is shown i n  F i g u r e  3,  Three  t c n s i o m e t e r s  a t  t h e  55-cm clcptlt 

were p laced  a t  v a r y i n g  disLarices lrom t h e  n e u t r o n  a c c e s s  t u b e ,  The 

p l o t  a r e a  was 135 cnr s q u a r e  and was d i v i d e d  i n t o  36 s e c t i o n s  w i t h  a 

sc:ric?s 01 s h e e t  me ta l  c e l l s  each 22J2 crn sq and 12 em h i g h ,  The c e l l s  

werc d r i v e n  i n t o  t h e  ground 5 cm, 

'Tlze l e a d s  from t h e  t e n s i o m e t e r s  were insulntecl  w i t h  the  foam 

rubber  t u b i n g ,  A f t e r  t h e  p r o f i l e  was wrt- up, the  p l o t  a r c a  was rovcrcld 

t o  p r e v e n t  e v a p o r a t i o n ,  l n  t h i s  way, any chatlgc i n  w a t c r  c o n t e n t  wouLd 

1x2 due t o  d r a i n a g e  a l o n e ,  

f<r:SUI>TS AND DTSCUSS LON : 

Laboratory  exper iment .  A t y  p i  c n l  r e c o r d  o S p r e s s u r c  hclacl v e r s u s  

t ime  w i t 1 1  t l ~ e  b a r r e l  o u t s i d e  i n  the  open and no s h i e l d i n g  o f  L I E  lc~acis 

i s  shown i n  Figurc  4 A ,  P r e s s u r e  f l u c t u a t i o n s  of  2 20 cm 01 \\rat-er wc:re 

caused by s h o r t -  t c rm tempera tu re  f  1 u c t u a t i o n s  around t h e  nylon t u b i n g .  

Tllese t empera tu re  changes a r e  probably  caused by a i r  c u r r e n t s  and t h e y  

a r c  l i k e l y  t o  hc " i i i s t a t ? tanec tu .c ; '~~n  n a t u r e ,  The r e s u l t i n g  volume 

changes,  t h e r e l o r e ,  occur  l a s  t c r  than can be d i s s i p a t e d  by t h e  ceramic  

wl~i.ch causes  t h e  diaphragm oP t h e  transducer t o  d e f l e c t ,  Thus, t h e  

p r e s s u r e  measured i s  t h a t  i n s i d e  the t u b i n g  awl n o t  t h a t  of  t l ic  s o i l -  

w a t e r .  

When a  box was p l a c e d  o v e r  t h e  b a r r e l ,  t h e r e  was no n o t i c e a b l e  

p r e s s u r e  f l u c t u a t i o n  ( F i g u r c  4 B ) .  The d i u r n a l  t empera tu re  change of  

1 8 C  d i d  not  cause  any prtlssurcl l l u c t r ~ a t i o n s  but  rclsu 1 t e t i  i 1 1  a zc.1-o 

shi. l't i n  t h e  t r a n s d u c e r ,  k c a u s i ~  L l w  z e r o  r c  f e r e n c e  i:; nlcasurccl, tlic 

z Q r o  s l l i f t  can be a d j u s t e d  a c c o r d i n g l y ,  
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Shielding the tensiometer  leads  wi th  i n s u l a t i o n  y i e lded  pressure  

records  s i m i l a r  t o  those when t h e  e n t i r e  b a r r e l  was covered by the 

box (F igure&) .  The d i u r n a l  temperature v a r i a t i o n  i n s i d e  the  insu-  

l a t e d  tubing was approximately 25C. The pressure  r eco rds  obtained 

w i t h  the  system enclosed i n  a box and w i t h  t h e  leads  i n s u l a t e d  agreed 

c l o s e l y  w i t h  the  t r u e  p re s su re  heads a s  ca l cu la t ed  from t h e  height  of 

t he  ceramic above t h e  water  t a b l e  l e v e l  i n  t h e  g r a v e l  drainage l aye r  

of t h e  b a r r e l ,  

The response time of the  tensiometers  i n  the  Laveen loam was 

f a s t  enough t o  permit a %-minute scanning time a t  each p o r t p  

Most of the  tensiometers  had a response time 

cons tan t  (63 percent  response)  of l e s s  than 1 minute. This  response 

time i s  somewhat longer  than  t h a t  i n  the  Laveen loam, i n d i c a t i n g  t h a t  

the  system i s  s o i l  l i m i t i n g  r a t h e r  than  instrument  l i m i t i n g ,  The 

response time cons tan t  of the  tensiometer  i n  water  was l e s s  than 1 

second, The response time cons tan t  of l e s s  than 1 minute would permit 

a switching i n t e r v a l  of approximately 2 minutes,  Since the  pressure  

changes i n  the s o i l  occurred a t  a r e l a t i v e l y  slow r a t e ,  however, a 

5-minute i n t e r v a l  was s e l e c t e d ,  With the  12 po r t s  on the  valve,  t h i s  

meant t h a t  a tensiometer  reading  was taken every hour. 

Pressure p r o f i l e s  during i n f i l t r a t i o n  a r e  shown i n  Figure 5. 

During the  f i r s t  hour of i n f i l t r a t i o n  when pressure  changes were r a p i d  

near  the  sur face ,  readings  were a l t e r n a t e d  between the  10- and 25-cm 

depth,  After  the  f i r s t  hour, t he  r a t e  of pressure  change was s u f f i -  

c i e n t l y  slow so  t h a t  hourly readings  would s u f f i c e .  The " f ina l "  

i n f i l t r a t i o n  r a t e  i n  the  p l o t  was approximately 0,2 cm/hr, 

I f  drainage were allowed t o  occur w i t h  no evaporat ion o r  addi-  

t i o n a l  i n f i l t r a t i o n ,  t h e  unsa tura ted  hydraul ic  conduct ivi ty-water  - 

content  r e l a t i o n s h i p  and the  so i l -wa te r  c h a r a c t e r i s t i c  could be 

obtained.  However, a complete drainage cyc le  was not  completed 

because of r a i n  which flooded t h e  p l o t .  The so i l -water  c h a r a c t e r i s t i c  

obtained from the  p re s su re  head and water conten t  measurements during 

drainage i s  shown i n  F igure  6 f o r  d i f f e r e n t  depths ,  P l o t t i n g  t h e s e  
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curves on one graph (Figure 7 )  shows t h a t  t he re  a r e  t h ree  d i f f e r e n t  

l a y e r s  i n  t he  p r o f i l e .  The upper curve i s  t h e  25-cm depth,  The 

next  four  curves, 44 t o  100 cm i n  depth, a r e  s i m i l a r ,  i n d i c a t i n g  a 

uniform l aye r ,  The bottom curve i s  t h e  130-cm depth. Addi t iona l  

dra inage  cyc les  w i l l  be  measured i n  t h e  futuTe. 

SUMMARY AM) CONCLUSIONS : 

The mul t ip l e  tensiometer  system cons i s t i ng  of a smal l  volume 

displacement t ransducer  connected t o  a number of tensiometers  through 

a scanning va lve  performed s a t i s f a c t o r i l y  under f i e l d  cond i t i onso  

When the  nylon tubing from t h e  poeous ceratttic was exposed t o  t he  

atmosphere, cons iderable  pressure  f  fuc tua t ions  due t o  shor t - te rm 

temperature changes occurred,  Shie ld ing  the  nylon leads  wi th  

i n s u l a t e d  foam rubber tubing e l imina ted  these  pressure  f l u c t u a t i o n s ,  

Response time of t h e  tensiometers  i n  Adelanto loam was s u f f i c i e n t l y  

f a s t  t o  ob ta in  a reading w i t h i n  2 minutes,  The switching i n t e r v a l  

f o r  the  scanning va lve  was taken a s  5 minutes,  The we t t i ng  f r o n t  

during i n f i l t r a t i o n  could be adequately cha rac t e r i zed .  Using t h e  

tensiometer  d a t a  i n  connection w i t h  water  conten ts  measured w i t h  the  

neutron s c a t t e r i n g  method, the  so i l -water  c h a r a c t e r i s t i c  can be 

obtained.  I f  evaporat ion i s  prevented from t h e  sur face ,  the  

unsa tura ted-hydraul ic -conduct iv i ty  c h a r a c t e r i s t i c  can be obtained 

by us ing  t h e  method of ins tan taneous  p r o f i l e s .  The mul t ip l e  

tensiometer  system enables  the  rapid-response measurement of a 

number of tens iometers  whi le  using only one t ransducer .  The system 

should be of va lue  wherever pressure-head d a t a  a t  a number of po in ts  

i n  a dynamic so i l -water  system a r e  des i r ed ,  

PERSONNEL: Herman Bouwer and Robert C. Rice. 
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Styrofoam Box 

I 
In su la t ed  Tubing 

de r  

Ceramic 

F igure  1. Sketch of  tensiometer  system i n  f i e l d ,  
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To transducer 

0,48-cm O.D. nylon 

Rubber stopper 

tubing 

%-inch steel pipe 

Nut sulclercd to pipe 

Brass-tubing fitting 

Epoxy connection 

1300 mb ceramic 
3 cm long x 1.3 cm diameter 

Figure 2. Schematic of tensiometer. 
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transducer 

Figure 3. Locat ion and depth i n  cm of tensiometer  i n  f i e l d  p l o t ,  
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True p re s su re  he 
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Tensiometer Leads sh i e lded  

w i t h  i n s u l a t e d  tubing 
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Figure 4. Pressure record o f  tensiometer i n  th ree  d i f f e r e n t  temperature environments. True 
pressure  head r e f e r s  to  height  of ceramic above water t a b l e  i n  drainage l aye r .  
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Pressure head. cm 

F i g u r e  5 .  Pressure-head p r o f i l e  d u r i n g  i n f i l t r a t i o n  a t  d i f f e r e n t  

t i m e s  i n  h o u r s .  Annual Report of the U.S. Water Conservation Laboratory



l i t  S o i l  -watc>r"  c i i a t - : l c ' t c ~ i - i , ~ ~ ~  i c >  l o t  d i  i I ,  ri3iil S O ,  t i , , p ~  ' 1  

c iur  i 11g d r n  i 1 1 . 1 g c . .  
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es su re  head, cm 

Figure 7 ,  Composite so i l -water  c h a r a c t e r i s t i c  curves Tor 

d i f f e r e n t  depths (on the cu rves ) ,  
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TITLE : WATER ABSORPTION, TRANSPIRATION, AND INTERNAL WATER BALANCE 

OF COTTON PLANTS AS AFFECTED BY CHANGES I N  EVAPORATIVE DEMANDS 

LINE PROJECT: SWC IX-gG1 CODE N O . :  Ariz,-WCL-29 

This  r e p o r t  c o n s i s t s  of t h r e e  p a r t s ,  fo l lowed by a  Genera l  Summary 

and Conclusions  S e c t i o n .  

PART I,. INSTALLATION AND EVALUATION OF HIGH INTENSITY MERCURY VAPOR 

LAMPS I N  THE CONTROLLED ENVIRONMENT ROOM 

As po in ted  o u t  i n  t h e  annua l  r e p o r t  f o r  1965, t h e  i l l u m i n a t i o n  

l e v e l  from t h e  f l u o r e s c e n t  l i g h t  system, a l t h o u g h  s a t i s f a c t o r y  f o r  

many purposes ,  was i n s u f f i c i e n t  t o  induce  complete  s tomata1  open ing .  

To remedy t h i s  c o n d i t i o n ,  and t h e r e b y  more c l o s e l y  s i m u l a t e  t h e  

outdoor  environment,  a  b a t t e r y  of h igh  i n t e n s i t y  mercury vapor lamps 

was i n s t a l l e d  a s  a  replacement  f o r  t h e  f l u o r e s c e n t  lamps.  The type 

used was 400-w, s t a n d a r d  whi te ,  s e m i - r e f l e c t i v e ,  No. H33-1-DN/C, a  

c o l o r - c o r r e c t e d  lamp. The f requency m u l t i p l i e r  p r e v i o u s l y  used a s  

p a r t  of t h e  l i g h t i n g  system no longer  was n e c e s s a r y ,  s i n c e  t h e  p r e s e n t  

sys tem of mercury vapor lamps u t i l i z e s  o r d i n a r y  60 c y c l e ,  274 V .  

c u r r e n t .  

The room has  a  f l o o r  a r e a  of 2 .70  x 6 .14  m and a  c e i l i n g  h e i g h t  

of 3 .60  m .  The bottom of t h e  pear-shaped lamps i s  3 .10  m above t h e  

f l o o r .  A t o t a l  o f  184 o f  t h e  lamps i s  a r ranged  i n  e i g h t  symmetr ical  

rows; up t o  120 can b e  used a t  one time, e i t h e r  un i fo rmly  d i s p e r s e d  

o v e r  t h e  e n t i r e  a r e a  o r  a r ranged  i n  a  d o u b l e - d e n s i t y  p a t t e r n  over  t h e  

c e n t e r  of t h e  room. The d i f f u s e  spac ing  i s  34 x 4 1  cm, t h e  dense  one 

34 x 20 cm. 

To promote uniform l i g h t  d i s t r i b u t i o n ,  t h e  f l o o r  was coa ted  wi th  

a  g lass -beaded  w h i t e  p a i n t ,  and t h e  w a l l s  and door were covered w i t h  

a luminized mylar .  An a d d i t i o n a l  g a i n  i n  i l l u m i n a t i o n  occur red  when 

i t  proved f e a s i b l e  t o  d i s p e n s e  w i t h  t h e  mylar  pane l  fo rmer ly  s e p a r a t i n g  

t h e  lamps from t h e  room p r o p e r .  Th i s  could  b e  done, because  t h e  lamp 

o u t p u t  no longer  depended on ambient temperature ,  a s  w i t h  f l u o r e s c e n t  

l i g h t s .  

Measurements of i l l u m i n a n c e  were made a t  15 un i fo rmly  spaced 

s i t e s  i n  t h e  room a t  t h r e e  e l e v a t i o n s  f o r  each s i t e ,  f i r s t  w i t h  t h e  
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d i f f u s e  and then wi th  t h e  dense l i g h t i n g  p a t t e r n .  These measurements 

showed a  very uniform d i s t r i b u t i o n  of  i l l u m i n a t i o n ,  b u t  wi th  somewhat 

lower l e v e l s  a t  t h e  corners  of t he  room than i n  t he  c e n t e r ,  p r imar i l y  

ev ident  i n  t he  dense arrangement.  

I n  genera l ,  conversion of t h e  white  p l a s t e r  wa l l s  t o  a  mir ror -  

l i k e  su r f ace  by a p p l i c a t i o n  of aluminized mylar no t  on ly  s i g n i f i c a n t l y  

increased t h e  i l luminance  throughout t he  room, bu t  a l s o  somewhat 

improved t h e  l i g h t i n g  un i fo rmi ty .  For example, with 120 lamps on i n  

a  d i f f u s e  arrangement, i l l u m i n a t i o n  a t  1 .5  m, t h e  normal working 

d i s t ance ,  increased  9%, from 83.9 _+ 5 . 6  k i l o l u x ,  (with a  c o e f f i c i e n t  

of v a r i a t i o n ,  C . V . ,  of 6.7%) t h e  va lue  f o r  white  wal l s ,  t o  

91.4 2.8 k i l o l u x  ( C . V .  3.1%) f o r  aluminized wa l l s ,  t h e  means being 

computed from 15 va lues .  A t  t h e  2.5-m d i s t a n c e ,  i l luminance  ro se  

from 67.0 - f 4 .0  (C.V. 6%) t o  82.5 5 2.6 k i l o l u x  (C.V. 3.2%) f o r  t he  

d i f f u s e  arrangement;  a  23 percent  ga in .  The same percentage ga ins  i n  

i l luminance occurred f o r  t h e  dense a s  f o r  t he  d i f f u s e  spacing,  bu t  the  

abso lu t e  l e v e l s  were about 8  percent  h igher  a t  both d i s t a n c e s  from the 

lamps. No s i g n i f i c a n t  d i f f e r e n c e s  i n  i l luminance were measured 

0.5 m from t h e  lamps, r e g a r d l e s s  of type of w a l l  covering o r  l i g h t i n g  

arrangement. A t  such a s h o r t  d i s t a n c e  from t h e  lamps the  mean readings 

of t h e  15 s i t e s  a l l  were 100 k i l o l u x .  

Omission of t h e  d a t a  from s i x  s i t e s  near  t h e  ends of t h e  room 

emphasizes t h e  cen t e r ,  where experiments a r e  c a r r i e d  o u t .  Three 

s p e c i f i c  examples of t h e  very  h igh  l e v e l s  of i l luminance t h a t  were 

measured over t h e  more r e s t r i c t e d  a r ea  a r e  t h e  fol lowing,  each being 

the  mean of t h e  n ine  c e n t r a l  s i t e s ,  t h e  information being obtained 

with t he  dense arrangement of 120 lamps t h a t  were r e f l e c t i n g  on 

aluminized wa l l s :  a t  2.5 m from t h e  lamps, 95 _+ 2 k i l o l u x ;  

1 .5  m, 117 _+ 9 k i l o l u x ;  0 .5  m, 140 _+ 19 k i l o l u x .  These da t a  illustrate 

the  presen t  c a p a b i l i t y  of inducing f u l l  s tomata l  opening, s i n c e  t he  

l i g h t  l e v e l s  g r e a t l y  exceed 65 k i l o l u x ,  es t imated  t o  be t he  s a t u r a t i o n  

va lue  Eor f u l l  s tomata l  opening. 

I n  regard t o  i r r a d i a n c e  l e v e l s ,  simultaneous measurements with a  

Weston luxmeter, used t o  o b t a i n  t h e  d a t a  c i t e d  above, and a  Kipp 
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pyranometer e s t a b l i s h e d  a conversion f a c t o r  t h a t  i s  v a l i d  f o r  l i g h t  
- 1 

from the  mercury vapor lamps descr ibed  he re :  l y  min = k i l o l u x  x 0.01.  

Accordingly, f o r  a s p e c i f i c  va lue  c i t e d  above, 117 k i l o l u x ,  t he  
- 1 

i r r ad iance  was 1 . 2  l y  min , a l e v e l  q u i t e  comparable t o  midsummer 

r a d i a t i o n  i n t e n s i t i e s  a t  s o l a r  noon out-of-doors i n  c e n t r a l  Arizona. 

Therefore,  t he  c o n t r o l l e d  environment room can s imula te  n a t u r a l  

condi t ions  q u i t e  c l o s e l y  i n  both i l luminance and i r r a d i a n c e  l e v e l s .  

S p e c t r a l  measurements over increments of 0 .01  p from 

0.38 t o  0.75 p revea led  f i v e  major peaks of output ,  which f a c t  

undoubtedly i s  r e l a t e d  t o  t he  known l i n e  s p e c t r a  of mercury. The a rea  

under t he  curve r e s u l t i n g  from a p l o t  of energy per  u n i t  band width 

a g a i n s t  wave number was in t eg ra t ed  over t h r e e  s p e c t r a l  ranges.  The 

energy d i s t r i b u t i o n ,  i n  percent  of t he  t o t a l ,  was a s  fol lows:  

0,380-0.500 p, 22.7; 0.500-0.600 W, 47.0; 0.600-0.780, 30 .3 ,  TWO 

of the  peaks, those a t  0.430 and 0.670 p, a r e  very  c l o s e  t o  those 

c i t e d  by Kuiper a s  requi red  f o r  maximal s tomata l  opening, 0.432 and 

0.675 p. The major d i f f e r e n c e  i n  s p e c t r a l  composition between the  

mercury vapor l i g h t  and s u n l i g h t  i s  the  low emission of t he  former i n  

t h e  region from 0.450 t o  0.520 p. For tuna te ly ,  however, t h i s  reg ion  

i s  no t  important f o r  e i t h e r  s tomata l  a c t i o n  o r  photosynthes is .  

I n  summary, i t  appears  t h a t  t h e  present  l i g h t i n g  system can 

s imula te  outdoor r a d i a n t  condi t ions  r a t h e r  c lo se ly ,  i n  both i l luminance 

and i r r ad i ance  l e v e l s ,  and t h a t  t he  ob jec t ive  of t he  conversion from 

f luo rescen t  t o  mercury vapor lamps was f u l l y  achieved. This  o b j e c t i v e  

was the  c a p a b i l i t y  t o  induce complete s tomata l  opening. 
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PART II . TKANSPIKATION AND LEAF DIFFUSION RESISTANCE 

INTRODUCTION : 

The a b i l i t y  t o  c a l c u l a t e  t r a n s p i r a t i o n  from approp r i a t e  p l an t  

and environmental measurements would enhance our unders tanding  of t h e  

complex process  of p l a n t  water l o s s ,  and n i g h t  lead u l t i m a t e l y  t o  t h e  

r e s o l u t i o n  of evapo t r ansp i r a t i on  i n t o  i t s  components of evaporat ion 

and t r a n s p i r a t i o n .  With t h e  o b j e c t i v e  of a t t a i n i n g  a  c l o s e r  agreement 

between ca l cu l a t ed  and measured t r a n s p i r a t i o n ,  t h e  r e sea rch  a l r eady  

c a r r i e d  ou t  wi th  t h r e e  p l a n t  spec i e s  was repea ted  more comprehensively, 

and was extended t o  a  f o u r t h  spec i e s ,  bean. 

A s  before ,  t h e  aim was t o  ob t a in  r e l i a b l e  d a t a  t o  s a t i s f y  the 

t r a n s p i r a t i o n  equa t ion  

where E i s  t h e  evapora t ion  (or  t r a n s p i r a t i o n )  r a t e ,  Ad the  g rad i en t  i n  
v  

water  vapor d e n s i t y  from l e a f  t o  a i r ,  R t h e  boundary l a y e r  r e s i s t a n c e ,  
A 

obtained by use  of a  s y n t h e t i c  p l a n t ,  and R t h e  l e a f  d i f f u s i o n  
L 

r e s i s t a n c e .  The t r a n s p i r a t i o n  c a l c u l a t e d  from t h e  t r a n s p i r a t i o n  

equa t ion  then was compared with t h e  va lue  obtained by weight l o s s .  The 

e x t e n t  of agreement i n  t h e  two s e t s  of d a t a  was a  measure of the 

v a l i d i t y  of t h e  t r a n s p i r a t i o n  equat ion,  providing t h a t  t h e  t r a n s p i r a -  

t i o n  r a t e  was g r e a t  enough t o  o b t a i n  accu ra t e  read ings  of weight 

changes. 

PROCEDURE : 

B r i e f l y ,  a  c l o s e l y  c o n t r o l l e d  environment was maintained, def ined  

a s  fol lows:  a i r  temperature  30.0 t: 0.2C; vapor p re s su re  15.0 2 0-.2 mb; 

carbon d ioxide  conten t  of t h e  a i r  375 5 10 ppm; wind speed cons tan t  

a t  a  low v e l o c i t y ;  t h e  p l a n t  i n  ae ra t ed ,  complete n u t r i e n t  s o l u t i o n .  

A s y n t h e t i c  p l a n t  with leaves  of green b l o t t e r  paper shaped and 

o r i en t ed  l i k e  those of t h e  l i v i n g  p l a n t  was weighed on a  balance 

loca ted  30 cm from t h e  l i v i n g  p l a n t ,  f o r  d a t a  pe rmi t t i ng  c a l c u l a t i o n  
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of RA values by use  of the same equat ion a s  above, bu t  lacking the  

R term. 
L 

The assumption underlying the  procedure i s  t h a t  evaporat ion from 

the  b l o t t e r  leaves i s  d i r e c t l y  propor t iona l  t o  t he  evapora t ive  

g rad ien t  from b l o t t e r  t o  a i r ,  and i n v e r s e l y  p ropor t iona l  t o  the  

boundary l aye r  r e s i s t a n c e ,  which i n  t u r n  depends p r imar i ly  on wind 

speed, and secondar i ly  on l e a f  dimensions. I n  c o n t r a s t ,  a l though the  

l ea f  of t he  l i v i n g  p l a n t  could be assumed t o  have the  same boundary 

l aye r  r e s i s t a n c e  a s  t he  b l o t t e r  l e a f ,  i t  would have an a d d i t i o n a l  

i n t e r n a l  r e s i s t a n c e  due t o  p a r t i a l  o r  complete s tomata1 c l o s u r e .  

Tiny copper-constantan thermocouples (0 .1  mm diameter)  embedded 

i n  the  l ea f  midribs  measured l e a f  temperature;  t h i s  permit ted 

c a l c u l a t i o n  of t he  water vapor d e n s i t y  wi th in  t h e  l e a f ,  on the  

assumption of s a t u r a t i o n  vapor p re s su re  t h e r e i n .  The a d d i t i o n a l  

measurement of t he  vapor d e n s i t y  of the  a i r  then permit ted c a l c u l a t i o n  

of t he  g rad ien t  i n  vapor d e n s i t y  from l e a f  t o  a i r ,  t h e  numerator of 

t he  t r a n s p i r a t i o n  equat ion .  I n  t he  same manner, thermocouples 

embedded i n  t h e  b l o t t e r  leaves  e s t ab l i shed  Adv f o r  t h e  b l o t t e r  l eaves .  

A l eaf  r e s i s t a n c e  meter was used t o  measure % on both su r f aces  

of every l e a f .  I n  e a r l y  experiments the  ind iv idua l  values were 

averaged harmonically t o  o b t a i n  a  s i n g l e  % c h a r a c t e r i s t i c  of the  

whole p l a n t .  I n  l a t e r  experiments (E-4, E-5, E-6)  each leaf  was 

t r e a t e d  ind iv idua l ly ,  so  t h a t  t r a n s p i r a t i o n  f o r  t h e  whole p l a n t  was 

t h e  sum of t h a t  f o r  a l l  t h e  leaves .  

Af te r  t h e  greenhouse-grown p l a n t  had been e q u i l i b r a t e d  overnight  

i n  t he  des i r ed  environment, a  very low l e v e l  of l i g h t  was e s t a b l i s h e d .  

The f i r s t  s e r i e s  of measurements was made when t h e  cont inuously 

recorded l ea f  temperatures showed s teady  p l a n t  behavior .  La t e r  the 

i l l umina t ion  was increased gradual ly  t o  t he  d e s i r e d  high l e v e l .  When 

p l a n t  equi l ibr ium preva i led ,  t h e  second s e t  of measurements was made. 

The experiments were repeated f o r  sunflower and co t ton ;  bean was 

the  new spec i e s  s tud ied ,  a l l  t h r e e  spec i e s  i n  the second s e r i e s  being 

exposed t o  mercury vapor l i g h t  i n s t ead  of f l uo rescen t  l i g h t .  The new 

Annual Report of the U.S. Water Conservation Laboratory



- 1 
lamps permitted r ad i a t ion"  l e v e l s  of around 60 k i l o l u x  (0.6 l y  min ), 

values  previously u n a t t a i n a b l e .  

RESULTS AND DISCUSSION: 

General - Experiments E-1, E-2 ,  and E-3 were c a r r i e d  out  under 

f l uo rescen t  l i g h t ,  t h e  o t h e r s  under mercury vapor l i g h t .  Associated 

with the  change from one type of lamp t o  another  was the  removal of 

t h e  mylar panel  t h a t  separa ted  the  upper l i g h t  plenum from the  r e s t  of 

t he  room. This apparent ly  r e s u l t e d  i n  a  s l i g h t l y  g r e a t e r  o v e r a l l  wind 

v e l o c i t y  i n  the  room, due t o  t h e  added a i r  movement from the two 

r e f r i g e r a t i o n  u n i t s  used t o  cool  t h e  f luo rescen t  lamps. Evidence f o r  

t h i s  e f f e c t  i s  the  decrease  i n  R when E - 1  i s  compared with E-5 
A 

(co t ton)  and E-2 with E-4  (sunflower) ,  a t  both l e v e l s  of i l l umina t ion  

(Tables 1 - A  and 1-B) . 

A i r  temperature was maintained a t  30.0 C i n  a l l  experiments, with 

a  dev ia t ion  of 2 0.2  C a t  t h e  low l e v e l  of i l l umina t ion ,  and - + 0.5  C 

a t  t he  high l e v e l .  

As shown i n  Table 1, evaporat ion from the  b l o t t e r  leaves was 

s u f f i c i e n t  t o  lower t h e i r  temperature 8 o r  9 C below a i r  temperature 

i n  t he  low l e v e l  of l i g h t ,  and from 5 t o  6 C i n  t he  h igh  l e v e l  of 

l i g h t .  Since ambient vapor d e n s i t y  was held s teady,  t h e  higher  

temperature of t h e  evapora t ive  s u r f a c e  d i r e c t l y  determined the  g rad ien t  

f o r  l o s s ,  and thereby l ed  t o  t h e  l a r g e  inc rease  i n  evapora t ion  r a t e  

co inc ident  wi th  t h e  h igher  r a d i a n t  energy load.  

Leaf s i z e  played a  minor r o l e  i n  a f f e c t i n g  R s i n c e  t h e r e  was 
A ' 

no pronounced d i f f e r e n c e  i n  R va lues  among spec i e s  with r a t h e r  l a r g e  
A 

d i f f e r ences  i n  length  and width of leaves e . g . ,  lemon v s .  sunflower 

(E-2 v s .  E-3). Nevertheless ,  t h e  s l i g h t  t rend  apparent  i n  t he  s e r i e s  

co t ton ,  sunflower,  lemon (E-1, E-2, E-3 a t  both l i g h t  i n t e n s i t i e s )  

does co inc ide  with a  downward t rend  i n  l ea f  s i z e ,  and may b e  j u s t  

ba re ly  s i g n i f i c a n t .  The f a c t  t h a t  a  fou r fo ld  d i f f e r e n c e  i n  area per  

l ea f  (lemon vs.  co t ton )  exer ted  only a  s l i g h t  change i n  R means t h a t  A 
wind v e l o c i t y  undoubtedly was the predominant f a c t o r  i n  de  ternlining 

the  boundary r e s i s t a n c e .  The uniformity of t h e  R d a t a  a t t e s t s  t o  the 
A 
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relative constancy of wind speed in the controlled environment room. 

The close agreement in R values for a given species at both A 
levels of illumination permitted subsequent calculations of transpira- 

tion to be made on the basis of the average RA of the two levels of 

light, except for E-5. 

I. Experiments at Low Illuminance Levels 

During the first part of each experiment the plants were either 

in darkness or in light so low as to bring about \ values similar to 
those in darkness, i.e., high values (Table 2). Even so, in all 

experiments the evaporative cooling due to the low transpiration rate 

was sufficient to bring about a leaf temperature somewhat below 

ambient, especially in sunflower. Slight differences among experiments 

in both leaf temperature and ambient vapor density led to some 

differences in the gradient in water vapor density from leaf to air, 

despite the uniform environment (30 C air temperature and a set point 

of 15 mb vapor pressure). These differences were small, however, 

since the gradients from the six experiments were encompassed in the 
- 3 

range 16 t 3 pg cm . Therefore, significant differences in 

transpiration could be attributed primarily to differences in 

resistance to movement of water vapor, i.e., the denominator of the 

transpiration equation. Furthermore, the similarity of the R values 
A 

among species necessarily points to the % data as the main source of 
transpiration differences. In general, the lower epidermis tended to 

show a lower % than the upper epidermis. Generally speaking, then, 

those species demonstrating lower overall % values had the highest 
transpiration rate; sunflower (E-4) is the notable example. 

The poor agreement between calculated and measured transpiration 

in lemon may be due as much to the weighing error involved in 

measuring extremely low rates of water loss, as to the calculated 

value; this also may apply to cotton (E-1), but not necessarily. In 

general, the agreement between calculated and measured values was not 

as good at low as at high illuminance levels. Yet in the case of 

cotton (E-5), the error of only 9 percent represents an excellent 
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v e r i f i c a t i o n  of t h e  p r i n c i p l e s  involved. On t h e  whole, however, 

agreement between c a l c u l a t e d  and measured da t a  can be  descr ibed  a s  

only 

11. 

than 

E-5, 

reasonably good. 

Experiments a t  High I l luminance Levels 

Levels of both i l luminance and i r r a d i a n c e  were cons iderably  h igher  

i n  the  f i r s t  s e t  of experiments (Table 3 ) .  I n  experiments E-4, 

and E-6 t h e  r a d i a n t  environment simulated outdoor condi t ions ,  

although not  a t  maximum l e v e l s .  The a d d i t i o n a l  r a d i a n t  energy 

absorbed by the  leaves  caused l e a f  temperatures t o  equal  o r  exceed a i r  

temperature i n  co t ton ,  lemon, and bean, b u t  no t  i n  sunflower.  The 

a b i l i t y  of sunflower t o  develop a lower % than  t h e  o t h e r  spec ies  l ed  

t o  a higher  t r a n s p i r a t i o n  r a t e  per  u n i t  a rea ,  a s  be fo re .  Therefore,  

t he  g r e a t e r  amount of evapora t ive  cool ing cance l led  h e a t  gain more 

e f f e c t i v e l y  i n  sunflower than i n  the  o the r  s p e c i e s .  Table 3 shows 

t h a t  the  b e s t  agreement between ca l cu la t ed  and measured t r a n s p i r a t i o n  

r a t e s  occurred i n  c o t t o n  (E-5), a s  before ,  where t h e  e r r o r  was only 

12 percent  a t  t he  high i l luminance l e v e l .  For t he  experiments a s  a 

whole, t he  ca l cu la t ed  va lue  was an overes t imate  i n  a l l  i n s t ances  bu t  

one, bean (E-6). The u s u a l  discrepancy was about 20 percent .  The 

l a r g e  e r r o r  f o r  c o t t o n  (E-1) and sunflower (E-2-11) probably cannot 

be a t t r i b u t e d  t o  weighing e r r o r ,  s i n c e  t r a n s p i r a t i o n  r a t e s  f o r  a l l  

experiments a t  high l i g h t  i n t e n s i t y  were reasonably high.  The expected 

improvement i n  accuracy due t o  ins t rumenta t ion  of each l e a f  was 

r e a l i z e d  only f o r  co t ton  (E-5, a t  bo th  l i g h t  i n t e n s i t i e s ) .  For t he  

o the r  spec ies  t he  discrepancy was about 20 percent ,  represent ing  no 

improvement over t h e  previous r e s u l t s  obtained by averaging l e a f  

temperature over t h e  upper and lower halves of t he  p l a n t .  This 

information neve r the l e s s  p o i n t s  t o  t h e  most l i k e l y  source of error ,  

t h e  % values .  These % va lues  a r e  based on a sound c a l i b r a t i o n  

technique, one i n  which a r e s i s t a n c e  t o  d i f f u s i o n  of water  vapor was 

achieved by imposing d i f f e r e n t  pa th  lengths  between the  source of 

water vapor and the sensor  of t he  l ea f  r e s i s t a n c e  meter .  The o r i g i n a l  

c a l i b r a t i o n  was confirmed l a s t  yea r .  However, i t  is  p o s s i b l e  t h a t  an 
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a l t e r n a t e  c a l i b r a t i o n  method would be p re fe rab le  t o  the  one used .  The 

a l t e r n a t e  method would develop a  r e s i s t a n c e ,  analogous t o  the 

r e s i s t a n c e  of c losed s tomates ,  by the  presence of d i f f e r e n t  numbers 

of t i n y  pe r fo ra t ions  i n  a  b a r r i e r  imposed i n  a  f i xed  p o s i t i o n  between 

source and sensor .  

The conclusion i s  t h a t  t he  ex t en t  of agreement achieved between 
l 

c a l cu l a t ed  and measured t r a n s p i r a t i o n  i s  s u f f i c i e n t  t o  have v e r i f i e d  

t h e  t r a n s p i r a t i o n  equat ion;  t he re fo re ,  t h e  experimental d a t a  support  

a  r a t i o n a l  view of t h e  whole t r a n s p i r a t i o n  process .  No f u r t h e r  

refinement of t h e  technique i s  contemplated i n  t he  l abo ra to ry .  On t h e  

o t h e r  hand, i t  might be worthwhile t o  adapt t h i s  method t o  t h e  f i e l d ,  

making use  of p l a n t s  on ly s ime te r s .  This approach, i f  succes s fu l ,  

would lead t o  s epa ra t e  measurements of t r a n s p i r a t i o n  and s o i l  evapo- 

r a t i o n ,  a  problem t h a t  up t o  now has proved i n t r a c t a b l e .  
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Table 1, Grand summary of evaporat ion from b l o t t e r  l ea f  r e p l i c a t e s  

A .  - Darkness o r  low l i g h t  i n t e n s i t y  - 
21 d 3/ Expt .y Simulated B l o t t e r  d - 4 f - 5 / 

No. Crop Temp. ~ Y o t t e r  AXT Ad v E I{A 
- 

E- 1 Cotton 21.9 19.81 11.62 8.19 4.88 3. . 7 

E- 2 Sunflower 21.2 19.02 12.40 6.62 4.71 1 .4  

E-3 Lemon 21,8 19 ,70  13 a 66 6.04 4 ,36  1 .4  

2-4 Sunflower 20.9 18.68 11 ,11  7 -57 6.73 1.1 

E-5 Cotton 21.0 18.83 10.70 8 ,13  5.82 i , 4  

E-6 Dean 20.9 18.65 11,24 7 .41  7.10 1 .0  

B .  - - 
E - 1  Cot ton 24.8 23.49 1.1.62 11.87 6.60 1.8 

E-2 Sunflower 24.1 22.58 12.38 10.20 6 ,41  1 . 6  

E-3 Lemon 24,O 22,43 13.65 8 .78  6.08 1.4 

E-4 Sunflower 24.7 23.35 10.92 12.43 12.10 1 , 0  

E-5 Cotton 24.3 23.07 10.50 12.57 12,45 1, 0 

E-6 Bean 25 ,1  23.98 11.24 12.70 13.58 0.94 

11 E-1, E-2, E-3 with mylar panel  between t h e  upper and lower plenum, - 
and with f luo rescen t  l i g h t s ,  E-4,  E-5, E-6 without  panel,  and wi th  

mercury vapor l i g h t s .  Standard condi t ions :  a i r  temperature,  30.0 C, 

vapor pressure ,  15.0 mb. 

2/ Degrees C .  a s  measured by embedded thermocouples. - 
- 3 

3/ Density of water vapor, i n  vg cm , based on b l o t t e r  temperature.  - - 2 - 1 
41 Evaporation, i n  wg cm sec  , on a t o t a l  su r f ace  b a s i s ,  i . e , ,  t h e  - 

a rea  being the  sum of upper and lower su r f aces ,  

51 Boundary l a y e r  r e s i s t a n c e ,  i n  s ec  cm-l, obtained by d iv id ing  M by E .  - v 
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Table  2 .  S u m ~ a r y  of s i x  exper iments  on c a l c u l a t i o n  of t r a n s p i r a t i o n  

Low l i g h t  i n t e n s i t y  

41 
L 

Expt .  No. Flux density--  2,' d - Leaf- 31 d  .- 5  / - - 6/ LO.  UP. Ca lc  .- V 
Meas .- 'I ~ a l c .  

& Crop 0 . 4 - 0 . 8 ~  0 . 3 - 2 . 3 ~  Temp. L'L f Air Ad 
R~ 

e p i d .  e p i d .  Transp .  Transp .  
v Meas. 

E-1 Cot ton  0 .93  0 . 0 1  2 9 . 0  29.94 11 .62  18.32 1 .7  11.5  25.6 2.05 1 .05  1 . 9 6  

E-2 S u n f l .  0 .00  0.00 28.0 28.29 12.40 15.89 1 . 4  9 . 0  1 9 . 1  2.28 1 .49  1 . 5 3  

E-3Lemon 0.00 0 .00 29 .2  30.29 13.66 16.63 1 . 4  3  52 .5  1 .42  0 . 5 0  2.82 

E-4 Sun£ 1. 7 . 0  101 0.07 (24.9)- (24.56) 11.11 (13.45) 1.1 (3 .4 )  (2 .8)  5 . 9 5  7 .50  0 . 8 0  

E-5 Cot ton  2 .8  0 . 0 3 -  (29.3)  (29.62) 10.70 (18.92) 1 . 4  (15.6) (17.0)  2 .02  1 . 8 6  1.39 

i\) E-6 Bean 2 .2  0 . 0 2  (28 .6 )  (29.30) 11.24 (18.06) 1 . 0  (17 .O) (113) 1 . 1 4  2 . 5 1  0 .45  
0 
I 
4 

i - - 1 
0 . 4 - 0 . 8 ~ :  i n  k i l o l u x ;  0 .3-2 .32,  i n  l y  min 
0 

C 
- 3  

Vapor d e n s i t y  i n  t h e  l e a f ,  i n  ug cm 
- 3  

Vapor d e n s i t y  of t h e  ambient a i r ,  i n  pg cm 

G r a d i e n t  i n  vapor d e n s i t y  from l e a f  t o  a i r  
- 1 

Boundary l a y e r  r e s i s t a n c e ,  i n  s e c  cm 
- 1 

Leaf d i f f u s i o n  r e s i s t a n c e  of t h e  lower and upper  epidermes,  i n  s e c  cm 
- L - 1. 

C a l c u l a t e d  t r a n s p i r a t i o n ,  i n  gg cm s e c  , s i n g l e  s u r f a c e  b a s i s  
- 2  - 1 

T r a n s p i r a t i o n  measured by weight l o s s ,  i n  vg cm s e c  , s i n g l e  s u r f a c e  b a s i s  

Values i n  pa ren theses  a r e  f d r  comparat ive  purposes  o n l y ;  t h e  c a l c u l a t i o n s  were n o t  made from t h e  mean d a t a  

given i n  the  p a r e n ~ h e s e s ,  b u t  r a i h e r  from d a i a  from i n d i v i d u a l  l e a v e s .  - 
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Table 3 .  Continuation of summary f o r  s i x  t r a n s p i r a t i o n  experiments 

-- 

High l i g h t  i n t e n s i t y  7 / R- 
4 / 5/ 

L 
~ x p t .  No. F ~ U X  density- '1 ~ e a ~  21 d 3 /  d -  - LO. UP.  ~ a l c  ." Meas . /  Ca l c  . 
& Crop 0 . 4 - 0 . 8 ~  0 . 3 - 2 . 3 ~  Temp. L& f A Y r  Ad epid.  ep id .  Transp. Transp. Meas. R~ v 

E- 1 34.6 0 .31  31.5 34.52 11.62 22.90 

E-2-1 
Sunf 1. 28.1 0.25 26.9 26.56 12.38 14.18 

E-2-11 
Sunf 1. 28.1 0.25 28.6 29.23 12.38 16.85 

E-3 
Lemon 26.1 0.23 30.0 31.70 13.65 18.05 

E-4 
Sunf 1. 65.6 0.66 (29. 2)E/ (30.32) 10.92 (19.40) 

E-5 
Cotton 61.2 0.61 (33.7) (39.29) 10.50 (28.79) 

E-6 
Bean 53.3 0.53 (31.6) (34.67) 11.24 (23.43) 

- . 

I/ See the  accompanying page (data f o r  low l i g h t  i n t e n s i t y )  f o r  explanat ion of foot  no te s .  - 
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PART III. CHANGES I N  LEAF DIFFUSION RESISTANCE, LEAP TEMPERATURE, 

AND LEAF WATER CONTENT OF FIELD SORGHUM I N  RESPONSE TO 

DECLINING SOIL WATER CONTENT. 

INTRODUCTION: 

It has become i n c r e a s i n g l y  apparent  t h a t  understanding a  compLex 

f i e l d  environment r e q u i r e s  mu l t i p l e  measurements of a  l a r g e  number of 

v a r i a b l e s  over an extended time. For t h e  p a s t  two summers t h e  

lys imeter  f i e l d  has been p l an t ed  t o  sorghum i n  an experimental  

approach t o  a g r i c u l t u r a l  meteorology (Refer t o  WCL-33). Tn essence 

t h e  experiments cons i s t ed  of complete c h a r a c t e r i z a t i o n  of t he  crop 

response t o  a  gradua l  d e c l i n e  i n  s o i l  water conten t  and t o  an abrupt  

r e s t o r i n g  of s o i l  water  by a  heavy i r r i g a t i o n .  Changes i n  evapo- 

t r a n s p i r a t i o n ,  and the  water  vapor d i f f u s i o n  r e s i s t a n c e  of the whole 

canopy, and i n  a s s o c i a t e d  meteoro logica l  parameters a r e  d e a l t  with 

elsewhere (WCL-33). This  r e p o r t  i s  l im i t ed  t o  t h e  measurements and 

t h e  responses  of i n d i v i d u a l  l eaves .  Data were obtained f o r  stornatal  

a p e r t u r e  ( l e a f  d i f f u s i o n  r e s i s t a n c e ,  %) ,9 l e a f  temperature ,  and l e a f  

water  conten t ,  a s  we l l  a s  f o r  r a t e  of growth i n  he igh t  and l e a f  a r e a .  

PROCEDURE: 

More complete measurements were made i n  t h e  r e p e t i t i o n  (June, 1966) 

than i n  t he  1965 experiment,  b u t  over only one dry ing  cyc l e  i n s t ead  of 

t h r e e .  Only a  b r i e f  d e s c r i p t i o n  of t h e  procedure w i l l  b e  given now; 

d e t a i l s  a r e  de fe r r ed  u n t i l  a  complete p r e s e n t a t i o n  of t h e  r e s u l t s  

i n  a  l a t e r  r e p o r t .  

The lys imeter  f i e l d  was p lan ted  t o  RS-610 sorghum broadcas t  

over  a  t o t a l  of seven borders ,  i n s t ead  of being d r i l l e d  i n  rows, a s  

b e f o r e .  During c rop  development s e v e r a l  measurements of l e a f  a r e a ,  

he igh t ,  and gene ra l  appearance (by photographs) were made. The - 

experiment was terminated be fo re  mature g r a i n  was formed. 

Leaf temperature  was measured by four  s e p a r a t e  thermocouples, 

sewn i n t o  t h e  l e a f  midrib,  wired i n  p a r a l l e l ,  each thermocouple 

be ing  i n  t h e  l ea f  of  a  s e p a r a t e  p l a n t .  The four  p l a n t s  were loca ted  

w i th in  a  square  meter of f i e l d  a r ea  a t  a  given s i t e .  This  arrangement 
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was repeated a t  two e l e v a t i o n s  i n  t he  canopy, an upper, well-exposed 

one, and another  two nodes down the , s t em.  Five s i t e s  were instrumented 

i n  t h i s  manner, two i n  t h e  f i e l d  and one i n  each of t he  t h r e e  

ly s ime te r s .  The s i g n a l s  from t h e  thermocouples were conducted t o  

t he  d a t a  handling system, re ferenced  a g a i n s t  a  cold junct ion,  and 

put  on punched tape  a t  f requent  i n t e r v a l s .  

Leaf water conten t  was assessed  by be t a  ray  gauge measurements 

on a  r e p r e s e n t a t i v e  l e a f  i n  a  f i e l d  p l o t  and i n  lys imeter  No, 1. 

Actual ly,  be t a  ray  gauges measure l e a f  th ickness ,  with t he  assumption 

t h a t  changes i n  th ickness  a r e  due almost exc lus ive ly  t o  a  n e t  change 

i n  leaf  water conten t .  Leaf water conten t  a t  dawn i s  used a s  a  

r e f e rence  value,  one i n d i c a t i n g  adequate hydra t ion .  Stronger  sources 

of be t a  r a d i a t i o n  were used i n  1966 than i n  t he  previous year ,  and 

'Tcg9 in s t ead  of ~ m ~ ~ ~ ,  t o  ga in  the  advantage of t he  longer h a l f  l i f e  

of t he  former,  

Leaf d i f f u s i o n  r e s i s t a n c e  readings were taken with the 

r e s i s t a n c e  meter on a  r o u t i n e  b a s i s  t h r e e  times per  day a t  s u i t a b l e  

i n t e r v a l s  during t h e  dry ing  cyc le .  Readings were taken on the  f i v e  

p l o t s  used f o r  temperature monitor ing.  Leaf temperature depression 

( l e a f  temperature minus a i r  temperature of t h e  bulk  a i r )  p rog res s ive ly  

rose  with t ime.as  t h e  dry ing  cyc le  advanced. This i nd ica t ion ,  a s  wel l  

a s  t he  de t ec t ion  of a  p a r t i a l  midday stomata1 c losu re ,  a s  shown by a 

s i g n i f i c a n t  r i s e  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 ,  s i g n a l l e d  the  proper 

time f o r  an i n t e n s i v e  measurement per iod .  This took p l ace  over a  

24-hour per iod,  when d a t a  on l e a f  response were taken every 15 o r  30 

minutes, depending on t h e  parameter.  A l l  p e r t i n e n t  meteoroLogical 

da t a ,  as  wel l  a s  evapo t r ansp i r a t ion  from the  lys imeters ,  were recorded 

au tomat ica l ly ,  along with t h e  s p e c i f i c  types of l e a f  measurements- 

repor ted  he re .  Following a  heavy i r r i g a t i o n ,  t h e  same i n t e n s i v e  

measurements were repeated,  t o  measure t h e  c r o p ' s  response t o  

a l l e v i a t i o n  of a  severe  drought .  This  second s e t  of measurements 

occurred on t h e  next  day a f t e r  i r r i g a t i o n ,  i n  o rde r  t o  exclude poss ib l e  

e f f e c t s  of r ap id  regrowth of t h e  p l a n t s  a f t e r  i r r i g a t i o n .  
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RESULTS : 

Although t h e  experimental  d a t a  have been programmed and processed 

by the  computer, they have no t  been thoroughly analyzed y e t .  No 

pre l iminary  r e s u l t s  a r e  included i n  t h i s  r e p o r t .  

GENERAL SUMMARY AND CONCLUSIONS: 

Close s imula t ion  of outdoor r a d i a n t  condi t ions  was achieved i n  

t h e  Cont ro l led  Environment Room by use  of mercury vapor i n s t e a d  of 

f l uo re scen t  lamps. The f l u x  d e n s i t y  from 120 lamps (117 k i l o l u x ,  
- 1 

1 . 2  l y  min a t  1.5 rn) can induce f u l l  s tomata l  opening and impose a 

r e a l i s t i c  hea t  load on l eaves .  The improvement i s  due t o  ( I )  high 

output  lamps, (2) dense arrangement, (3 )  e l imina t ion  of t he  mylar 

panel  s epa ra t i ng  t h e  lamps from t h e  room proper,  and (4) a p p l i c a t i o n  

of aluminized mylar t o  t h e  w a l l s .  Despi te  t h e  lower emission of 

mercury vapor l i g h t  than s u n l i g h t  from 0.450 t o  0.520 p, t h i s  s p e c t r a l  

range i s  unimportant i n  s tomata l  opening o r  photosynthes i s .  

P l an t  and environmental measurements suppl ied  da ta  f o r  c a l c u l a t -  

ing  t r a n s p i r a t i o n  of co t ton ,  sunflower,  lemon, and bean under 

con t ro l l ed  cond i t i ons .  I n  s i x  experiments each spec i e s  was t e s t e d  

i n  complete o r  v i r t u a l  darkness  and a t  h igh  i l luminance,  up t o  60 

k i l o l u x .  I n  the  l a s t  t h r e e  experiments t h e  temperature of every l e a l  

was measured. Knowledge of l e a f  temperature,  l e a f  d i f f u s i o n  

r e s i s t a n c e ,  ambient vapor dens i ty ,  and boundary l a y e r  r e s i s t a n c e  

permit ted c a l c u l a t i o n  of t r a n s p i r a t i o n  f o r  i n d i v i d u a l  l eaves ,  a  more 

accu ra t e  method than  t h a t  used e a r l i e r .  Agreement between ca l cu l a t ed  

t r a n s p i r a t i o n  and t h a t  measured g r a v i m e t r i c a l l y  ranged from poor, f o r  

lemon (where weighing e r r o r  may be  involved)  t o  good, f o r  co t ton ,  w i t h  

a  10 percent  e r r o r .  On t h e  whole, c a l cu l a t ed  t r a n s p i r a t i o n  was w i th in  

20 percent  of t h e  r e f e r ence  va lue .  The o v e r a l l  agreement i s  

be l ieved  s u f f i c i e n t  t o  have v e r i f i e d  t he  t r a n s p i r a t i o n  equa t ion .  The 

consequent enhanced understanding of t r a n s p i r a t i o n  u l t i m a t e l y  may 

lead t o  s epa ra t i on  of  t r a n s p i r a t i o n  from evapora t ion  i n  t he  f i e l d .  

A s  p a r t  of a  comprehensive experiment on the  a g r i c u l t u r a l  

meteorology of  sorghum, l e a f  response t o  a  d e c l i n i n g  s o i l  water  

conten t  was measured r o u t i n e l y  over s e v e r a l  weeks and i n t e n s i v e l y  f o r  

24 hours .  Af t e r  a  heavy i r r i g a t i o n ,  i n t e n s i v e  measurements were 
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repeated. Representative areas in the field (two sites) and in three 

lysimeters were monitored for leaf temperature at two heights on the 

plant, leaf water content changes (by beta ray gauging), and leaf 

diffusion resistance. Observations on crop development were made, 

including height, leaf area, and general condition (by photographs). 

These measurements were accompanied by precise determination of 

evapotranspiration and numerous meteorological measurements. The 

results are not yet ready for presentation. 

PERSONNEL : 

W. L. Ehrler and C. H, M van Bavel 
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TLT1.X: QUAEaTXTATIVE MEAStnlEMiEJT OF WATER FLOW WLT1.I CIZEMICAL TRACliKS 

LINE PROJECT: SWC X-gGl CODE N O . :  Ariz,-WCL-30 

LNITRCPI3UGTION : 

See Annual Report  f o r  1965. 

F u r t h e r  s t u d i e s  des igned  t o  cva Luale 1)ossibl.e dye t r a c c r  l o s s e s  

t o  channel  boundar ies  were postponed unCi l  t h e  s p r i n g  i r r i g a t i o n  S C d S O f i  

of  1967, h c t l  vc r e s e a r c h  on t h e  p r o  j c c t  w i  l l resume a t  t h a l  t ime .  

k;lo new d a t a  o r  a n a l y s e s  were c o l l e c t e d  o r  conducted d r ~ r i n g  t h i s  

ca  l endar  y e a r .  

R e s u l t s  and t echn iques  develuped were p u b l i s h e d  i n  Proceed ings  

of ASCE, September, 1966, pages  J Lo 15 under t h e  t i t l e  " F l o t ~  Measnre- 

ments w i t h  F l u o r e s c e n t  T r a c e r s "  by RepTogLe, Myers, and B r u s t ,  which 

sumntarizes t h e  r e s u l t s  r e p o r t e d  i n  Annual Repor t s  1965 and p r e v i o u s .  

Labora to ry  s t u d i e s  were conducted t o  o b t a i n  i n f o r m a t i o n  reLaLive 

t o  t h e  accuracy  and p r e c i s i o n  w i t h  which f i u o r e s c e n t  t r a c e r s  can be 

used t o  de te rmine  s t ream d i s c h a r g e ,  

F l u o r e s c e n t  t r a c e r  c o n c e n t r a t i o n s  o f  l e s s  t h a n  LO ppb can be  

q u a n t i t a t i v e l y  d e t e c t e d  i n  most n a t u r a l  s t r eam wate r s  w i t h  e r r o r s  l e s s  

t h a n  5 1 p e r c e n t .  T h i s  p e r m i t s  s t ream gaging wi.th a  p o t e n t i a l  a c c u r a c y  

of t h i s  same o r d e r  p rov ided  t h e  t r a c e r  i s  n o t  adsorbed on t h e  s t ream 

boundar ies  and a d e q u a t e  mixing o f  t r a c e r  wi th  s t ream f low i s  o b t a i l e d ,  

Flow measurement w i t h  f l u o r e s c e i l t  dyes ,  u s i n g  i n t e g r a t e d  sample 

d i l u t i o n  t echn ique ,  r e q ~ l i r e s  no s p e c i a l  h a n d l i n g  of m a t e r i a l s ,  p r e s e n t s  

no h e a l t h  hazard through t h e  water  supp ly  being measured, and i s  con- 

v e n i e n t  t o  a p p l y  t o  n a t u r a l  s t r eams ,  s i n c e  i t  e l i m i n a t e s  t h e  r e q u i r c -  

ment f o r  d e t a i l e d  channel  d a t a ,  

Loss of Rhodamine WT t o  t h e  s t ream boundar ies  does  n o t  appear  t o  

be a s i g n i f  i c a n t  problem. 

Accura te  f Low measurements w i t h  f l u o r e s c e n t  dye d i l_u t ion  methods 

r e q u i r e  t h e  u s e  of p r e c i s i o n  p rocedures  i n c l u d i n g  p r e p a r a t i o n  of 

comparison s t a n d a r d s  by weighing t echn iques ,  t h e  u s e  of con t inuous  flow 
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7'1TL13 : Dl REC'C MliASIJIII5MENT O F  T:V/\PO'C ItANSP1 liA'J'3ON A N D  'I ' t l l l :  ISN I<II(:Y 

BALANCE 0 1 7  IRIIICAT1.3) CROPS 

LINE PII0,TIiCT: SWC I X - g G  I  CODII: N O .  : Ar iz-WCL-33 

INTRODUCTION : 

I n  1965 a n  exper iment  was conducted i n  t h e  lysimeLer Xield wi th  a 

c r o p  of' sorghum p l a n t e d  i n  rows. The o b j e c t i v e  was t o  de te rmine  t h e  

r e l a t i o n s h i p  between l e a f  r e s i s t ; r n c e  and canopy resistance, and, a l s o ,  

t o  d e s c r i b e  t h e  t o t a l  energy b a l a n c e  of t h e  sorghum c r o p  a s  i t  was 

s u b j e c t e d  t o  d i f f e r e n t  c o n d i t i o n s  o r  s o i l  wa te r  a v a i l a b i l i t y  d u r i n g  one 

o r  more prolonged i r r i g a t i o n  c y c l e s .  The 1965 exper iment  was p r e -  

l i m i n a r y  because  s e v e r a l  d e f e c t s  i n  t h e  d e s i g n  and i n s t r u m e n t a t i o n  

r e s u l t e d  i n  i n c o n c l u s i v e  d a t a .  N e v e r t h e l e s s ,  i t  was found c o n c l u s i v e l y  

t h a t  s o i l  wa te r  h a s  t o  b e  d e p l e t e d  t o  a  ve ry  l a r g e  e x r e n t  u n t i l  

measureab le  e f f e c t s  appear  i n  t h e  r o l e  t h a t  t h e  canopy p l a y s  i n  t h e  

e v a p o r a t i o n  and, fu r the rmore ,  t h a t  thexe  seems t o  be  a  f a i r l y  

s t r a i g h t f o r w a r d  r e l a t i o n s h i p  between l e a f  r e s i s t a n c e  and canopy 

r e s i s t a n c e .  It was a l s o  no ted  t h a t  t h e  d e p l e t i o n  o f  s o i l  w a t e r  a s  

found from n e u t r o n  measurements d i d  not: a g r e e  w e l l  w i t h  t h e  a c t u a l l y  

measured v a l u e s  o f  e v a p o r a t i o n  from t h e  l y s  ime t e r s  . 
There fo re ,  i t  was dec ided  t o  r e p e a t  t h e  e n t i r e  exper iment  i n  

o r d e r  t o  a t t a i n  i t s  p r i n c i p a l  o b j e c t i v e s ,  a s  o u t l i n e d  above, more 

p r e c i s e l y .  We a l s o  r e s o l v e d  t o  make a  c l o s e r  s t u d y  o f  the  e n t i r e  

q u e s t i o n  of  s o i l  w a t e r  d e p l e t i o n  under  a n  e v a p o r a t i n g  c r o p  a s  i t  

p e r t a i n s  t o  t h e  i n t e r p r e t a t i o n  of  such d a t a  i n  t e r m  of  wa te r  l o s s  t o  

t h e  atmosphere (consumptive u s e ) .  Thus, t h e  1966 exper iment ,  a l t h o u g h  

resembl ing t h e  1965 work t o  some e x t e n t ,  c o n s i s t e d  e s s e n t i a l l y  of two 

p a r a l l e l  e f f o r t s .  The f i r s t ,  t o  c h a r a c t e r i z e  t h e  energy b a l a n c e  of  

t h e  sorghum crop,  and t o  s t u d y  t h e  r e l a t i o n  between l e a f  r e s i s t a n c e  

and canopy r e s i s t a n c e ,  and t h e  second, t o  d e s c r i b e  t h e  h y d r a u l i c  

p r o p e r t i e s  of  t h e  s o i l  on which t h e  c r o p  was grown and t o  o b t a i n  

p r e c i s e  d a t a  on s o i l  wa te r  c o n t e n t .  Thus, we proposed t o  sCudy t h e  

r e l a t i o n s h i p  between s o i l  w a t e r  d e p l e t i o n  and e v a p o r a t i o n ,  on the  one  

hand, and on t h e  o t h e r ,  t o  t e s t  i d e a s ,  t h a t  have a l r e a d y  been advanced 

i n  l i t e r a t u r e ,  on t h e  c o r r e c t i o n  of  s o i l  wa te r  d e p l e t i o n  d a t a  f o r  
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The sccond phase o f  tile s t u d y  h a s  beer1 concl.ucletl d u r i n g  the  1906 

y e a r ,  and w i l l  b e  r e p o r t e d  h e r e .  T h e  d a t a  on t h e  f i r s t  phnsc,  a l t h o u g h  

comple te ly  a v a i l a b l e  and ready  f o r  i n t c r p r c t a t i o n ,  have no t  been 

s t u d i e d  a s  y e t  and w i l l ,  t h e r e f o r e ,  n o t  b e  d i s c u s s e d .  

PROCEDURE : 

I n  ort lcr  t o  I , l c i l i t ; t l  e Phc s t u d y  of s o i l  wat r r  d c i p  l c ~ i o n ,  wl~i.cli 

i s  bas i . ca l ly  a s p e c i a l  c a s e  o f  d i s t r i b u t i o n  of  s o i l  wa te r  a f t e r  

i r r i g a t i o n ,  a  t e s t  p l o t  was b u i l t  w i t h i n  t h e  l y s i m e t e r  f i e l d .  The 

g e n e r a l  n a t u r e  of  t h i s  p l o t  i s  a p p a r e n t  from F i g u r e  1 .  

By f i l l i n g  t h e  ups t ream b o r d e r  w i t h  wa te r  and a l l o w i n g  t h e  wa te r  

t o  cover  t h e  t e s t  p l o t  w i t h i n  a  p e r i o d  o f  about  t h r e e  t o  f o u r  minutes  

by means o f  t h e  g a t e s  i n  t h c  plywood b o r d e r s ,  a  r a p i d  and uniform 

a p p l i c q t i o n  o f  wa te r  was p o s s i b l e .  Fol lowing each i r r i g a t r i o n  t h e  

d i s t r i b u t i o n  o f  w a t e r  w i t h i n  t h e  170 cm p r o f i l e  was fo l lowed by 

f r e q u e n t  measurements of  s o i l  wa te r  c o n t e n t  w i t h  a n  improved n e u t r o n  

t echn ique  and by r e a d i n g  t e n s i o ~ n e t t r r s  i n s  t n l l e d  a t  f o u r  s i t e s  w i t h i n  

t h e  p l o t  and spaced a t  10  o r  20 cm i n t e r v a l s .  

P r i o r  t o  p l a n t i n g  t h e  sorghum, a  d i s t r i b u t i o n  exper iment  was 

c a r r i e d  o u t  i n  which t h e  s o i l  was b o r e  and covered w i t h  n p l a s t i c  

s h e e t .  T h i s  exper iment  shou ld  have provided a l l  of t h e  n e c e s s a r y  d a t a  

on t h e  h y d r a u l i c  p r o p e r t i e s  of  t h e  s o i l  b u t ,  u n f o r t u n a t e l y ,  a  7 mm 

r a i n s t o r m  f o u r  days  a f t e r  i r r i g a t i o n  made a  good p a r t  o f  t h e  d a t a  

i n v a l i d  o r  i m p o s s i b l e  t o  o b t a i n .  T h e r e f o r e ,  two a d d i t i o n a l  b a r e  s o i l  

s t u d i e s  were c a r r i e d  o u t ,  b u t  w i t h o u t  t h e  p l a s t i c  s h e e t  i n  p l a c e ,  t h e  

t h i r d  i r r i g a t i o n  b e i n g  c o i n c i d e n t  w i t h  t h e  p l a n t i n g  o f  t h e  sorghum on 

27 A p r i l .  The f i r s t  p l a n t i n g  was n o t  e n t i r e l y  s u c c e s s f u l  and i t  was 

t h e r e f o r e  r e p e a t e d  on 6 May. The r e s u l t i n g  c rop ,  p l a n t e d  by b road-  

c a s t i n g ,  developed i n t o  a  complete  cover ,  which had exhaus ted  t h e  

g r e a t e r  p a r t  of  t h e  a v a i l a b l e  s o i l  wa te r  r e s e r v e s  by t h e  1st of J u n e  

and e x h i b i t e d  symptoms o f  d r o u g h t .  The i r r i g a t i o n  a p p l i e d  on t h e  

1st of J u n e  p rov ided  t h e  f i r s t  o p p o r t u n i t y  t o  s t u d y  s o i l  m o i s t u r e  

d e p l e t i o n  under  a  c r o p  th roughout  a  t h i r t y  day p e r i o d ,  a t  t h e  end oE 

which most o f  t h e  s o i l  w a t e r  had a g a i n  been used by t h e  c r o p ,  s o  t h a t  
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a Last i r r i g a t i o n  was i ~ p p l i c d  on 2 J u l y .  'I'hc d , t t< . s  a11d qi~anLi i  i c > ~ i  

of  i r r i g a t i o n ,  t o g e t h e r  w i t h  o t h e r  p e r t  i n e n t  inEormation a r c  summarized 

i n  Table  I. 

Date  A p p l i c a t i o n  Surf  ace  Concl i t  im 

22 March I s  t (140 mm) Dare s o i l  (covered 23 Mar-4 Apr . )  

26 March RainecP-7 mrn Rare s o i l  

7  A p r i l  2nd (115 mm) Rare  s o i l  

27 Apr i l  3rd  (120 mm) Bare  s o i l  ( f i r s t  p l a n t i n g )  

6 May 4 t h  (118 mm) Dare s o i l  (second p l a n t i n g )  

1 June  5 t h  (196 mm) Sorghum crop  (f3T."4O cm) 

20 June  Rained"0.4 mm Sorghum c r o p  (L. A .  I :+' 5, 

heads emerging) 

30 June  Rained- 0 . 8  mm Sorghum c r o p  

2  J u l y  6 t h  (328 mm) Sorghum crop  (L.A.Z. -4 ,  HTSi72 cm) 

The improvements i n  t h e  s o i l  wa te r  measurement w i t h  t h e  neu t ron  

t echn ique  c o n s i s t e d  i n  u s i n g  a  150 mc americium-beryll ium neu t ron  

source ,  t o g e t h e r  w i t h  a  l i n e  o p e r a t e d  t imer  and s c a l e r .  Using h a l f -  

minute coun ts  we o b t a i n e d  a  h i g h  degree  o f  p r e c i s i o n ,  e q u i v a l e n t  t o  

about  .001 water  c o n t e n t  by volume, The d e t a i l s  of t h e  procedure  have 

been documented i n  an  a r t i c l e  about  t o  be  pub l i shed  i n  t h e  JOURNAL OF 

HYDROLOGY. 

The h y d r a u l i c  head i n  t h e  p r o f i l e  was measured w i t h  Lark 

t ens iomete rs  u s i n g  mercury manometers, grouped i n  banks around each 

a c c e s s  tube .  

Using t h e  d a t a  o b t a i n e d  d u r i n g  t h e  t h r e e  b a r e  soi l .  i r r i g a t i o n s  

(No, 1 ,  2  and 3 ) ,  b o t h  t h e  s o i l  wa tc r  c h n r a c t c r i s t i c  and t h e  concluctiv- 

i t y  c h a r a c t e r i s  t i c  of t h e  s o i l  p r o f i l e  could  b e  determined us ing  an  

i n s t a n t a n e o u s  f l u x  method, a s  proposed f o r  column s t u d i e s  by Watson, 

and making t h e  computat ions  by a t ime s h a r i n g  computer method. Th is  

procedure  gave t h e  h y d r a u l i c  p r o p e r t i e s  f o r  t h e  s o i l  on each of  f o u r  

s i t e s ,  and i n  10 cm l a y e r s .  Subsequent ly ,  t h e  d a t a  f o r  t h e  two c rop  

i r r i g a t i o n s  (No. 5 and 6 )  could  be  used f o r  a s e p a r a t i o n  of t h e  
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h y d r a u l i c  componenl m t i  i l ~ c  r oi:i L ~ , I  t e r  ,ibi;orpLion c ompur-icnt nidlci  11,; L L ~  

tile t o t n l  depiction. A s i m i l a r  rfielilocl has  been used belorc.  by Ognta 

at. t h e  S , l l i n i t y  L l 'oora to ry  :ind by I<osc and S t e r n  i n  A u s t r a l i a ,  

An a l t e r n a t e  proccdurc. for  arzolyzing the  d a t a  e o n s i s  tcrl i n  ii:.i~~i; 

the  cor ivent ional  merlzod of  romput i n g  t h e  Lotal  wa te r  c o n t e n t  of t h e  

13rof i l e  and i t s  change (dt-pl e i i o n )  wi ih  t ime ,  The d e p l e t i o n  ra te : ;  thus  

o b t a i n e d  wcrci then  compared w i t h  the  d i r e c t l y  ~ticasured v a l u e s  of 

e v a p o t r a n s p i r a t i o n  ascd  on t h e  Jys imete r  d a t a ,  C a r e f u l  management ok 

tlre l y s i m e t r r s  and ox t h e  Lest p l o t ,  and compara t ive  measuremeats of 

t h e  energy b a l a n c e  and o f  canopy t empera tu res  i n s u r e d  t h a t  c o n d i t i o r ~ s  

Ln and o v e r  t h e  two s i t e s  were s u b s t a n t i a l L y  e q u a l .  

RESULTS AND DLSCUS 

The d a t a  o b l a i n e d  d u r i n g  t h e  f i r s i  Lhree i r r i p a t i o i i s  can be  

c o n s i d e r e d  a s  t h e  c a l i b r a l i o n  o f  t h e  t e s t  s i t e s ,  whereiis t h e  a c t u a l  

d a t a  of  i n t e r e s t  were provided by t h e  f i f t h  and s i x t h  i r r i g a t i o r - r  

( s e e  Tab le  1,)  Even though t h c  c a l i b r a t i o n  o b s e r v a t i o n s  were marred by 

t h e  r a i n s t o r m  o c c u r r i n g  d u r i n g  t h e  f i r s t  i r r i g a L i o n ,  and by t h e  f a c t  

t h a t  a  somewhst a r b i t r a r y  c o r r e c t i o n  For s u r f a c e  e v a p o r a t i o n  had t o  be  

a p p l i e d  d u r i n g  i r r i g a t i o n s  2 and 3, tlre d a t a  r e s u l t e d  i n  a  c o n s i s t e n t  

p icLurc  of b o t h  t h e  wa te r  and t h e  c o n d u c t i v i t y  c h a r a c l c r i s t i c s  of  t h e  

s o i l  i n  s!:&. It i s  i m p o r t a n t  t o  n o t e  t h a t  v e r y  few s t u d i e s  of t h i s  

k ind  have been conducted,  most o t h e r s  b e i n g  based on o b s e r v a t i o n s  

made on s o i l  c o r e s  i n  t h e  l a b o r a ~ o r y .  An example of  a  t y p i c a l  r e s u l t .  

i s  g i v e n  i n  F i g u r e  2, which shows t h e  c o n d u c t i v i t y  c h a r a c t e r i s t i c  a t  

one s i t e  a t  60 cm d e p t h .  11 was found t h a t  t h e  conducicivity 

c h a r a c t e r i s  t i c  d i f f e r e d  between s i L e s  a t  t h e  same d e p t h ,  and even 

more s o  between d e p t h s ,  G e n e r a l l y  speak ing ,  t h e  p r o f i l e  e x h i b i t e d  a  

g r e a t e r  c o n d u c t i v i t y  w i t h  d e p t h  u n t i l  t h e  100-LlO crn l a y e r ,  where an  

a b r u p t  change t o  a  s m a l l e r  c o n d u c t i v i t y  was t y p i c a l l y  found.  

The second s i g n i f i c a n t  r e s u l t  was t h a t  n e i t h e r  t h e  w a t e r  c o n t e n t  

c h a r a c t : e r i s t i c  n o r  t h e  c o n d u c t i v i t y  c h a r a c t e r i s t i c  e x h i b i t e d  any 

sudden t rans l '  t i o n s ,  b u t  t h a i  a  smooth r e l a t i o n  between w a t e r  p r e s s u r e  

and c o n d u c t i v i t y  v e r s u s  wa te r  c o n t e n t  was Found, A d e r i n i t e  a i r  

e n t r y  v a l u e ,  f o r  example, canriot b e  a s s i g n e d  t o  t h i s  m a t e r i a l ,  which 
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i s  typic:ilLy pcrinealcd wi ih  large rook and w o r m  h o l e s .  C I S  < I  i~crrnhi r o h  

photop,r:iphs o f  u n d i s t u r b e d  mil t c r  i a l  ixttlica tccl, 

A I::? l cu la l - ion  o f  t h e  c l i s t - r i h i ~ t i o n  of rooL a c t i v i t y  w i t  li t l c p ~  11 

becomes p o s s i b l e ,  when t h e  h y d r a u l i c  r l i a r a c t e r i s t i c s  of the  s o i l  a r e  

known, by c o n s i d e r i n g  t h e  fo l lowing  e x p r e s s i o n :  

I n  words t h i s  formula s a y s  f h a t  t h e  change of water  c o n t e n t  wi th Lime 

a t  any g iven  p o i n t  minus t h e  v e r t i c a l  t l ivergcrrrr  t \ f  Lhe f l u x  eclcrnls 

t h e  r o o t  e x t r a c t i o n  r a t e .  Appl icat - ion o f  Lhis m t h o d  t o  Lhe daLa of 

i r r i g a t i o n  c y c l e  o .  5 gave t h e  r e s u l t  i n d i c a t e d  i n  F igure  3 ,  Thc 

r o o t  e x t r a c t i o n  r a t e ,  i n  t h i s  case ,  a l s o  i n c l u d e s  t h e  d i r e c t  evapo- 

r a t i o n  from t h e  s o i l  s u r f a c e .  The d i s t r i b u t i o n s  g iven  i n  F igure  3 a r e  

q u i t e  r e a s o n a b l e .  The i n t e g r a t i o n  o f  r w i t h  d e p t h  should r e s u l t  i n  
Z 

t h e  t o t a l  e v a p o r a t i o n  r a t e  o r  t h e  consum Live u s e  r a t e ,  These 

i n t e g r a l s  a r e  a l s o  i n d i c a t e d  i n  F igure  3, and they compare r e a s o r r ~ ~ b l y  

w e l l  wi th  t h e  measured e v a p o r a t i o n  r a t e s ,  excep t  t h a t  t h e  L a t t e r  a r e  

h i g h e r  by 20 t o  30 p e r c e n t ,  Th i s  .is a t t r i b u t e d  t o  t h e  f a c t  t h a t  a l l  

measurements Leading t o  t h e  F i g u r e  3 were t aken  e a r l y  i n  t h e  morning, 

b e f o r e  the  impact of t h e  maximun~ e v a p o r a t i o n  r a t e  on t h e  d e p t h  

d i s L r i b u t i o n  of h y d r a u l i c  head and wate r  c o n t e n t .  

O f  more p r a c t i c a l  i n t e r e s t  i s  a comparison o f  t h e  d e p l e t i o n  r a t e  

wi th  t h e  e v a p o r a t i o n  r a t e ,  I F  t h e  d e p l e t i o n  r e f e r s  t o  a  170 cm Layer, 

t h e  d i f f e r e n c e  between t h e  two q u a n t i t i e s  i s  t h e  f l u x  a t  t h e  170 cni 

dep th .  The f l u x  a t  170 cm, a s  ob ta ined  i n  t h i s  way, i s  shown i n  

F igure  4, a g a i n s t  t h e  t ime from t h e  s t a r t  of  i r r i g a t i o n .  F igure  4 

i n d i c a t e s  t h a t  wa te r  contizzues t o  h e  h i g h l y  mobile i n  t h e  s o i l  p r o f i l e  

f o r  a  long t ime a f t e r  t h e  a p p l i c a t i o n  of wa te r .  F i r s t  of a l l ,  d u r i n g  

the  i r r i g a t i o n  c y c l e s  2 and 3  on b a r e  s o i l  one can s e e  t h a t  wa te r  

con t inues  L O  Leave t h e  p r o f i l e  a t  s u b s t a n t i a l  r a t e s ,  irr excess  of 2 riirn 

p e r  day f o r  a s  long a s  100-200 hours  a f t e r  t h e  i r r i g a t i o n .  When a  

c rop  i s  p r e s e n t ,  a s  i n  i r r i g a t i o n  c y c l e s  5 and 6, an a lmost  i d e n t i c a l  

s i t u a t i o n  p r e v a i l s  u n t i l  about  LOO hours  a f t e r  t h e  i r r i g a t i o n .  The 
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f l u x  becomes z e r o  a t  200 hours  n f t c r  i r r i g a t i o n ,  and r e v e r s e s  i t s e l f  

t o  become s i g n i I i c m l r l y  n c g n t i v c ~ .  T h i s  f  incling i s  llot genera  1 l y  

r ecogn ized  i n  l i t e r a t u r e .  Genel-a l l y ,  i t  i-s conceded r ha L i n  thc, c , l r ly  

p a r t  of an  i r r  igalrion c y c l e  t h e r e  i s  c o n s i d c r a b  l e  downward movement, 

b u t  l i "c1e  though t  i s  g i v e n  t o  t h e  p o s s i b i l i t y  of  s i g n i f i c a n t  upward 

movement from wet s o i l  i n t o  t h e  r o o t  zone above.  Our d a t a  make i t  

c l e a r  t h a t  t h i s  movement e x i s L s ,  and t h a t  i t  i s  s i g n i f i c a n t :  i l l  f a c t  

by t h e  end of t h e  i r r i g a t i o n  c y c l e  i t  was c o n t r i b u t i n g  some 3  o r  4 mm, 

o r  30 p e r c e n t  of  t h e  t o t a l  consumptive u s e  r a t e  of  t h e  c rop .  

The d a t a  shown, and o t h e r s  o b t a i n e d  d u r i n g  t h i s  s tudy ,  make i t  

p l a i n  t h a t  one cannot  e x p e c t  t o  draw any c o n c l u s i o n s  concern ing  s h o r t -  

time e v a p o r a t i o n  o r  consumptive u s e  r a t e s  of a  c r o p  from s o i l  m o i s t u r e  

d e p l e t i o n  d a t a  a l o n e ,  I n  t h e  beg inn ing  of  t h e  i r r i g a t i o n  c y c l e  t h e  

l a t t e r  w i l l  g i v e  s e r i o u s  o v e r e s t i m a t e s ,  and i n  t h e  l a t t e r  part- of  t h e  

c y c l e  they  g i v e  s i g n i f i c a n t  u n d e r e s t i m a t e s  of t h e  consumptive u s e .  

It i s  worthwhi le  t o  i n q u i r e  whether any r e l i a b l e  c o r r e c t i o n s  can 

b e  made. One of t h e s e  h a s  been sugges ted  i n  1960 by Wil lcox i n  which 

he proposed t o  s u b t r a c t  t h e  d e p l e t i o n  r a t e  of a  b a r e  and covered p l o t  

Irorn the  cropped p l o t  a t  t h e  same wate r  c o n t e n t .  T h i s  approach,  we 

found, does n11 inadequa t e  job of  c o r r e c  t i n g  f o r  downward f  1 LIX i n  t h c  

beg inn ing  of t h e  p e r i o d ,  and i t  cannot  accoun t  a t  a l l  Cor t h e  upward 

f l u x  t h a t  we d e s c r i b e d  above.  

A more Eundamental approach would b e  t o  p r e d i c t  t h e  f l u x  a t  170 cm 

from measurements of  t h e  h y d r a u l i c  g r a d i e n t  and from t h e  known wate r  

c o n d u c t i v i t y  a s  i t  f o l l o w s  from wate r  c o n t e n t  measurements. R e s u l t s  

Irom t h i s  p rocedure  were e q u a l l y  d i s a p p o i n t i n g .  I n  t h e  beg inn ing  of 

t h e  pe r iod  a  f a i r l y  adequa te  c o r r e c t i o n  could  be  o b t a i n e d ,  b u t  i n  t h e  

end O F  t h e  p e r i o d  t h e  e s t i m a t e d  f l u x  was c o n s i d e r a b l y  h i g h e r  - i n  

a b s o l u t e  terms - than  t h e  a c t u a l l y  o c c u r r i n g  one.  Again, t h i s  i s  

a t t r i b u t e d  t o  t h e  f a c t  t h a t  a l l  measurements of t h e  g r a d i e n t  and of 

t h e  wa te r  c o n t e n t  a t  170 cn7 were made d u r i n g  t h e  e a r l y  morning, and 

s o  could  n o t  b e  r e p r e s e n t a t i v e  of  the  s i t u a t i o n  d u r i n g  t h e  p r i n c i p a l  

time of w a t e r  e x t r a c t i o n .  C o r r e c t i o n  o t  d e p l e t i o n  amounts, u s i n g  an 

e s t i m a t e  of t h e  h y d r a u l i c  f l u x  i s ,  a t  b e s t ,  l a b o r i o u s  and i t :  i s  s u b j e c t  
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t o  a11  thc  u n c c r t n i n t i o s  t h a t  a r e  brouy,hL i n t o  t h e  p i c t i r r c  b y  Lhe l a c k  

of  homogeneity of Lhe s o i l  a11cl i t s  h y d r a u l i c  propt . r t - ies .  Also ,  thr 

c o n d u c t i v i t i e s  f o r  t h e  lower w a t e r  c o n t e n t s  r e q u i r e d  e x t r a p o l a t i o n  of 

t h e  K - 0 .  

From our  e x p e r i e n c e  we a r e  l e d  t o  b e l i e v e  t h a t  a d i r e c t  measure- 

ment of  consumptive u s e ,  e i t h e r  by weighing methods o r  by 

n i i c r o ~ ~ t e t e o r o l o g i c a l  methods i s  more p r e c i s e  and more rept -escnlaLive  of 

t h e  t r u e  v a l u e  than v a l u e s  o b t a i n e d  from measurements of  s o i l  wa te r  

d e p l e t i o n ,  whether an  a t t e m p t  towards c o r r e c t i o n  of t h e  l a t t e r  i s  

made o r  n o t .  C e r t a i n l y ,  t h e  d e p l e t i o n  method should  never  b e  con- 

s i d e r e d  a s  a  s t a n d a r d  f o r  o t h e r  methods, b u t  r a t h e r  t h e  r e v e r s e  i s  

t r u e .  

The d e t a i l s  of  t h i s  i n v e s t i g a t i o n  a r e  d e s c r i b e d  i n  a  s e r i e s  of  

p u b l i c a t i o n s  e n t i t l e d  "Hydrau l i c  P r o p e r t i e s  o f  a  Clay Loam S o i l  and 

t h e  F i e l d  Measurement o f  Water Obta ined by Roots", i n  a d d i t i o n  t o  t h e  

p u b l i c a t i o n  r e f e r r e d  t o  above.  

SUMMARY AND CONCLUSIONS: 

An exper iment  was conducted on t h e  l y s i m e t e r  f i e l d  i n  which the  

d i s t r i b u t i o n  of  i r r i g a t i o n  w a t e r  i n  t h e  p r o f i l e  was s t u d i e d  by means 

of  f r e q u e n t  measurements o f  t h e  w a t e r  p r o f i l e  c o n t e n t  and o f  t h e  

h y d r a u l i c  head p r o f i l e  i n  t h r e e  i r r i g a t i o n  c y c l e s  of  a b a r e  s o i l .  

From t h i s  d a t a  t h e  w a t e r  r e t a i n i n g  and water  conduc t ing  p r o p e r t i e s  of  

t h e  s o i l  were de te rmined ,  s o  a s  t o  y i e l d  a  complete  h y d r a u l i c  

d e s c r i p t i o n  of  t h e  m a t e r i a l ,  a s  i t  v a r i e s  w i t h  dep th ,  and a s  i t  e x i s t s  

i n  t h e  f i e l d .  Data s o  o b t a i n e d  do n o t  n e c e s s a r i l y  show a  c l o s e  

resemblance t o  l a b o r a t o r y  d a t a  o b t a i n e d  on s o i l  samples .  

Once t h e  h y d r a u l i c  p r o p e r t i e s  of  t h e  s o i l  had been  a s c e r t a i n e d  

t h e  exper iment  was con t inued  by studyi.ng t h e  d i s t r i b u t i o n  of  i r r i g a t i o n  

wa te r  a t  t h e  same s i t e  and i n  t h e  p resence  of a n  a c t i v e l y  growing and 

t r a n s p i r i n g  sorghum c r o p .  The measured changes i n  s o i l  w a t e r  c o n t e n t  

were d i v i d e d  i n  t h e  two components, one a t t r i b u t a b l e  t o  r o o t  

e x t r a c t i o n  and t h e  o t h e r  t o  f low of  wa te r  under t h e  i n f l u e n c e  of 

h y d r a u l i c  g r a d i e n t s .  The g r a d i e n t  invo lved  was measured d i r e c t l y  and 

t h e  c o n d u c t i v i t y  was o b t a i n e d  from t h e  c o n d u c t i v i t y  c h a r a c t e r i s t i c s  
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o b t a i n e d  c ; ~ r l i e r .  The c l i s t r i l ~ u ~ i o n  o f  roo t  a c t i v i t y  and i t  5 jnLcj ; ra  1 

w i  t t r  d e p t h  gave r c a s o n a h l c  v a l u e s ,  b r ~ t  t h c  lat- t .cr  d i d  no t  a g r e e  

p e r f e c t l y  w i t h  t h e  r a t c  of e v a p o r a t i o n  measured w i t h  l y s i m e t e r s .  

A d i r e c t  comparison o f  t h e  d e p l e t i o n  f o r  the  e n t i r e  p r o f i l e  and 

measured e v a p o r a t i o n  r a t e s  e x h i b i t e d  g r e a t  d i s c r e p a n c i e s .  I n  t h e  

f i r s t  few days  a f t e r  i r r i g a t i o n ,  t h e  d e p l e t i o n  r a t e  was s e v e r a l  t imes 

l a r g e r  than  e v a p o r a t i o n  r a t e .  I,c\ker, a s  much a s  f o u r  t o  s i x  days  

a f t e r  i r r i g a t i o n ,  d e p l e t i o n  s t i l l  exceeded e v a p o r a t i o n  s i g n i f i c a n t l y ,  

then  became e q u a l  t o  i t  and s u b s e q u e n t l y ,  t h e  d e p l e t i o n  hecame l e s s  

than  t h e  e v a p o r a t i o n .  T h i s  i m p l i e s  a  movement upward from wet s o i l ,  

t h a t  i s  n o t  permeated w i t h  r o o t s ,  i n t o  t h e  r o o t  zone p r o p e r .  It i s  

o f t e n  assumed t h a t  t h i s  movement e x i s t s  on paper ,  b u t  i n  a c t u a l i t y  

does  no t  amount t o  much. Our d a t a  showed such an i d e a  t o  b e  f a l s e ,  

and imply upward movement of  wa te r  a t  170 cm d e p t h  a t  r a t e s  of  

3 t o  4 mm p e r  day.  T h i s  i s  a  s i g n i f i c a n t  p a r t  of t h e  t o t a l  

consumptive u s e  and i s  of  s p e c i a l  agronomic s i g n i f i c a n c e  s i n c e  i t  

o c c u r s  i n  t h e  l a t t e r  p a r t  of  t h e  i r r i g a t i o n  c y c l e .  

D e p l e t i o n  r a t e s ,  a s  u s u a l l y  o b t a i n e d ,  can be c o r r e c t e d  f o r  

downward f l u x  and t h u s  come c l o s e r  t o  t r u e  e v a p o r a t i o n  r a t e s ,  A 

c o r r e c t i o n  f o r  upward f l u x  i s  a l s o  p o s s i b l e  i f  t h e  h y d r a u l i c  

p r o p e r t i e s  of  t h e  s o i l  a r e  known and i f  t h e  h y d r a u l i c  g r a d i e n t s  a r e  

measured. None o f  t h e s e  c o r r e c t i o n s  appeared t o  b e  v e r y  p r e c i s e ,  

and we a r e  l e d  t o  the  c o n c l u s i o n  tha t  any d e p l e t i o n  method i s  on ly  an 

approx imat ion  o f  t h e  t r u e  e v a p o r a t i o n  r a t e  which, p r e f e r a b l y ,  shou ld  

b e  measured i n  some o t h e r  way. 

PERSONNEL : 

C. R. M. van Bavel ,  K .  3 ,  B r u s t ,  W .  L ,  E h r l e r ,  G .  B. S t i r k  
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WEST LYSIMFTER, 

Figure 1. Layout of experimental plot for 1.966 studies. 
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F i g u r e  2, Hydrau l i c  c o n d u c t i v i t y  a g a i n s t  wa te r  c o n t e n t  a t  

60 cm d e p t h  a t  t hc  NW s i t e ,  

HOURS 
81 

96 HOURS B 

F i g u r e  3 .  Root e x t r a c t i o n  r a t e  w i t h  d e p t h  a f t e r  i r r i g a t i o n .  
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F i g u r e  4 .  i lydraul  i c  f l u x  a t  1 7 0  c m  d e p t h  in rnrn day 

a g a i n s t  t i m e  i n  h o u r s  a f t e r  i r r i g a t i o n  No. 5 .  
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TITIWE : WATER MANAGEMENT FQlE THE EFFICIENT IKRIGATZON OF SUGAR BEETS 

LINE PROJECT: SWC I X  gG3 CODE NO, : Ariz,-WCL-36 

See Annual Report f o r  1965, The object ive  of the  experimeut i s  

t o  determine the  i r r i g a t i o n  requirements of sugar beets  f o r  maximum 

economic y ie ld  per u n i t  of water,  

PROCEDURE : 

The experiment i s  located a t  thc  University of Arizona Experiment 

Farm, Mesa, Arizona, 

Four borders, each 270 x 33 f e e t ,  were s p l i t  i n t o  48 p l o t s  (each 

16,5 x 33 f e e t )  containing e igh t  rows of beets ,  planted September 22, 

two rows on a 40-inch bed. Eight i r r i g a t i o n  treatments were rep l i ca ted  

s i x  times i n  a ra ized block design. Eighty u n i t s  of phosphate anti 

100 u n i t s  af n i t rogen were applied previous t o  planting of 301H monogerm 

beet  seed, An add i t iona l  70 u n i t s  of ni trogen were applied a f t e r  thinning. 

The seed was germinated by i r r i g a t i n g  up with a t  l e a s t  one acre-foot 

applied,  A pre-determined quant i ty  of water was pumped and measured w i t h  

a Sparl ing meter i n t o  t h e  respect ive  p l o t s  a t  each subsequent i r r i g a t i o n ,  

Hand thinning, normal c u l t i v a t i o n  and weed control  were conducted. 

Treatments and Variables 

A. Under inves t igat ion:  ( s o i l  moisture) 

Treatment 1 - i r r i g a t e  when less than 40 percent of the  

ava i l ab le  water i n  the  top three  f e e t  of s o i l  was depleted. 

(1) 1 A  - i r r i g a t e  continuously u n t i l  harvest .  

(2) LA - 3A i r r i g a t e  u n t i l  Apr i l  5, then l i k e  3A. 

Treatment 2 - i r r i g a t e  when 60 percent of the  ava i l ab le  

water i n  the  top  th ree  f e e t  was depleted. 

(4) ZA - i r r i g a t e  continuously u n t i l  harvest .  

(6) 2A - 3A i r r i g a t e  u n t i l  Apr i l  5, then l i k e  38, 

Treatment 3 - i r r i g a t e  when 80 percent of the available 

water i n  the  top three  f e e t  was depleted,  

(7)  3A - i r r i g a t e  continuously u n t i l  harvest.  

(8) 3A - LA i r r i g a t e  u n t i l  Apr i l  5, then l i k e  1 A .  

(9)  3A - 2A i r r i g a t e  u n t i l  Apr i l  5, then Like 2,  
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Treatment 4 - i rr igclre only when a v i s u a l  moisture strc.ss 

appeared. 

(LO) 4A - i r r i g a t e  continuously u n t i l  harvest .  

The bas ic  t reatments,  1 A ,  a, and 3A, were designed t o  cover the regime 

of very dry t o  wet. The Apr i l  change i n  schedule was designed to dcter- 

mine i f  such a procedure was des i rab le  from the standpoint  of product ion 

and water conservation. 

Data t o  be Obtained 

1, Quantity of water applied by measurement w i t h  a Sparl ing meter; 

2,  Soil-moisture dep le t ion  by gravimetric  sampling. 

3 .  Growth r a t e  measurements and plant  physiology, 

4, Yield and sucrose measurements on four harves t  da tes .  

Nethods of Xnterpret ing Resul ts  

1. Analysis of variance. 

Source - d f 

Main p l o t s  47 

Treatments 7 

Replicat ions 5 

Error 3 5 
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TITLE: DETEmENATION OF THE IWTIO OF ROOT TO TOP GRO1.JTH FOR FALL- 

PU,M1ED SUGAR BEETS 

LINE PlIUJECT: SWC I X  gG3 CODE NO,:  Ark.-WCL-36 

I~RODUCTION: 

See Annual Report f o r  1965, 

PROCEDURE: 

The experiment i s  located a t  the Universi ty of Arizana Experiment 

Farm, Mesa, Arizona. 

Treat~nents  and Variables 

A .  Under inves t iga t ion :  (Harvest d a t e s )  

1, Eight harves t  da tcs ,  s t a r t i n g  on February 23, and 

t h e r e a f t e r  a t  three-week in te rva l s .  Thc February 23 

harves l  d a t e  was indicated a s  No, 1, and the  l a s t  

harvest  a s  No. 8. 

Beets were planted and thinned t o  about one foo t  between plants .  

P l o t s  were i r r i g a t e d  on the  same schedule a s  211, a medium treatment 

scheduled t o  be i r r i g a t e d  when 60 percent of the  ava i l ab le  water was 

depleted from the top th ree  f e c t  of s o i l ,  A t  each of the  e i g h t  harvest  

da tes ,  s i x  l i n e a l  f e e t  i n  each of four rows of beets  werc itarvested. 

Top growth and roo t s  were weighed separa te ly .  Representative beet 

samples from each of the  four  r ep l i ca t ions  were processed, and sugar 

content  ana lys i s  made. The beet  a rea  involved was s p l i t  i n t o  32 p l o t s ,  

each p l o t  8 rows wide and 8 f e e t  long, Harvest da tes  were r ep l i ca ted  

four  times i n  a randomized block design. 

Data t o  be Obtained 

1. Ueights  of top growth and roots .  

2. Sucrose content ,  s t a r t i n g  i n  Apr i l .  

Methods of In te rp re t ing  Resul ts  

1, Analysis of variance. 

Source -- d f - 
Main p l o t s  3 1 

Harvest da tes  7 

Replicat ions 3 

Error 21 

36-5 
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TITLE: EFFECT OF LATE SEASON SOIL PlOZSTUIUi STESS ON SUCItOSE COhTENT 

OF SUGAR BEETS 

LINE PROJECT: SWC I X  gG3 CODE NO. : Ariz .-l:CL-36 

TNTRODUCTION : 

See Annual Report f o r  1965. 

Y ROCEDURE : 

The experiment i s  located a t  the University of Arizona Iiixperi.mcnt 

Farm, Mesa, Arizona, 

Treatments and .Variables 

A. Under inves t iga t ion :  (moisture s t r e s s )  

I, Two moisture t reatments,  one medium and the o ther  very dry,  

were e s t ab l i shed ,  s t a r t i n g  i n  Apri l .  

2,  Harvest was conducted whenever the dry treatments showed 

v i s u a l  moisture s t r e s s .  

Beets were planted and thinned t o  about one foo t  bctwccn p lan t s .  

P l o t s  were i r r i g a t e d  i n i t i a l l y  on the  same schedule a s  a, a mcdiuni 

treatment scheduled f o r  i r r i g a t i o n  when 60 percent of the  ava i l ab le  

water was depleted from the  top  th ree  f e e t  of s o i l .  A t  t he  i r r i g a t i o n  

d a t e  previous t o  each harves t ,  the  medium treatment was i r r i g a t e d  but 

the  dry treatment was no t ,  thus e s t ab l i sh ing  the two treatmc~nts.  Tile 

buffer  area  (8 rows wide by 270' long) was divided i n t o  e igh t  p l o t s ,  

each 33'  long. Yields and sucrose measurements were made whenever d r y  

p l o t s  reached a v i s u a l  s o i l  moisture s t r e s s  appearance, from s i x  rows, 

each four f e e t  long. Af te r  each harvest  da te ,  both medium and d r y  

treatments were allowed t o  dry out  f u r t h e r ,  a t  which time an add i t iona l  

harvest  was made. A week t o  t e n  days of add i t iona l  drying-out occurred. 

Dry and medium p l o t s  were r ep l i ca ted  four  times. 

Data t o  be Obtained 

I. Weight of beecs at: each i ~ o r v c s t  da te .  

2. Sucrose content  oE bcct..s a t  each harvest  da te .  
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Method of Interpreting Results - 
1, Analysis of variance 

Source - dl: 

Main plots 7 

Moisture levels 1 

Replications 3 

Plain plot error 3 

RESULTS AND DISCUSSLON: 

Sugar beets were planted September 22, 1965, and irrigated up on 

September 24,  Plants were thinned to about nine inches between plants 

on October 18, Plants were side dressed with 70 units of nitrogen and 

all plots were given an irrigation on November 6, 

Aphids were controlled with "Meta-Systox" on November S and again 

on March 15, The incidence of "yellows" was considerably less than in 

1964-65, probably due to good aphid control and a larger, more vigorous 

plant. In April and May, the beets were sprayed wj-th "Kelthane" for 

control of red spider mites. 

Main-plot study beets were harvested May 2 and 26, June 22, and 

July 7. Beets were harvested on four rows, each six feet long. Root 

and top measurements on Amendment 1 commenced on February 23, and 

continued at three-week intervals until 8 harvests had been completed, 

On Amendment 2 ,  beets were harvested on May 6 and 16, June 9 and 15, 

and July 11 and 19. All beets were counted, weighed, and representative 

samples kept £or sucrose measurements. 

The water for the first two irrigations applied was not measured, 

other than by soil moisture sampling. All other irrigation water was 

measured with a Sparling meter. Soil moisture samples were taken-on the 

planting date, at intervals of no more than LO days, before and after 

each irrigation, and on the final harvest date. Samples were taken on 

three plots for each irrigation treatment and two samples consolidated 

from each plot. Soil samples were taken at 1-foot increments through 

six feet, The average percent soil moisture depletion in the top three 
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f e e t  before each i r r i g a t i o n  was 49, 66, 85, and 92 iar the? wct, mcxiiunl, 

dry, and s t r e s s  treatments, respectively, Due to heavy winter rn-in:, i n  

December and January, there  were no s o i l  ~uoisture dif ferences  cstablisiled 

u n t i l  ear ly  i n  March. Apparently, ear ly  season growing conditions were 

des i rab le ,  as plants were large  and healthy. 
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TABLE 1. ---- 

MEAN PIAX Y I E L D  I N  lJOUNDS OF BEETS AT HAKVLS'I' 1IA'SEli (6  M 2 S * )  

May 2 M ! 2 h  June 22. - J u  1x2 
- - .- -- 

TKT x T 1tT x T 1l1J.' x TItT x 

6 48.6 1 64.0 I 12.3 4 7 2 . 2  

2 47.5 6 60.3 4 70.1 8 71.3 

9 46.3 10 59.2 8 68.8 1 69.4 

No Sig .  No S ig .  No S ig .  No Sit:. 

To convcrt  p l o t  y i e l d s  t o  pounds per a c r e ,  m u l t i p l y  (g) (1089)"  

TABLE 2. -- 
MEAN SUGAR PEIKISNTAGE AT HARVkS'T DATES ( 6  KEYS .) 

!23!.2 L%L?.c26 -- June 22 - Lv-!L~- ..-. - - 
T RT x TRT x TRT x YilT 2< 

8 12.8 abc 4 13.5 abc 1 0  14.7 a 8 13.7 

9 L2,8 bc 6 13.5 abc 4 14.2 a 1 0 13.2 

2 12.7 bc 9 13.4 abc 1 1 4 , l  a I 13, 2 

6 12,6 bc 8 12.9 bc 8 13.9 a b  7 13.1 

7 12.2 c 1 12.6 c 9 1 2 . 8  b 9 12 .8  

Sig. I% Sig .  1% S i g .  5% No Si.8. 

LSD 0 .83  LSD 1.11 LSD 1.26 

Annual Report of the U.S. Water Conservation Laboratory



TABLE 3 

MEAN YIELD OF SUGAR IN POUNDS PER PLOT AT HARVEST DATES ( 6  KI<1'S. ) 

- -- - 
TRT x TIiT x TRT x 

6 6.11 10  8.46 1 10.19 

4 6.10 b 8.12 6 10.10 

2 6.04 1 8.02 4 9,96 

10 5.9 5 7 / .98 2 9.78 

1 5.93 2 7 -93  7 9.66 

9 5.91 9 7.62 8 9.48 

8 5,66 8 7.46 1 0  9.33 

7 5.47 4 7.42 9 8.44 

No S i g .  No S i g .  EJo S i g .  

To conver t  p l o t  y i e l d s  t o  pounds per a c r e ,  rnultiply 

w 

TRT x 

4 9.89 

8 9-72 

6 "3 29 

1 9.1-2 

2 9,02 

10 8.99 

7 8 , 9 1  

9 8.87 

No Sig. 

(G) (1089) 

TABLE 4 

DAYS FROM IRRIGATION UNTIL HARVEST 

HARVEST DATE TREATHEW 

W c t  -- Mcd iuni --- Ury S t r e v s  

May 2 14 14 4 2 4 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



S W , R Y  A N D  CONCLUSIONS : 

Main Stud2 

Thcrc was a d i i f  crcncc i n  y i  eltls ol bcckts I)c twchcrl  i r r i j ; n L i u n  

t reatments  ranging from 9 Lo 16 pclxccnt, b u t  no harvcst: cltltc* sllowcd 

d i f f e r e n c e s  t l tnt  were s t a t i s t i c a l l y  s i g n i f  i c n n t  (Table 1). Yie lds  

increased a s  t he  season progressed,  but t o  a l e s s e r  amount: per u n i t  

time by thc f i n a l  harves t .  Beet y i e l d  rcclched a maxiinun ol.' 39.3 tons  

per a c r e ,  wi th  a mean y i e l d  of 3 1  - 5  tons  for  a l l  i r r i g a t i o n  t reatnlcnts ,  

Table 2 r ep re sen t s  t h e  sugar perccntagcs f o r  a l l  ha rves t  d a t c s ,  

Therc were s t a t i s t i c a l l y  s ign ig icr tn t  difEerences between t reatments  f a r  

t h e  f i r s t  t h r e e  ha rves t  datcts, The d i f f e r ences  can be assoc ia tc~d w i - t l i  

t h e  s o i l  moisture s t a t u s  at: time of ha rves t .  Thc Longcs tile tintc 

een i r r i g a t i o n  and ha rves t ,  the g r e a t e r  the sugar  percentage. 

(Tables 2 and 4). Sugar pcrcentnge increased wi th  each succeeding 

ha rves t  through the  t h i r d  harves t .  Percentage decreased on the  i n s t  

ha rves t  d a t e ,  at: which time t o p  growth was badly dis intc; ; ra  tecl. 

To eva lua t e  t he  poten t ia l .  of an  i r r i g a t i o n  t rea tment ,  sugar  

percentage must be appl ied  t o  the  bee t  y i e l d  weights ,  For t he  S o u r  

ha rves t  da t e s ,  t he re  were no s i g n i f i c a n t  d i f f e r e n c e s  between t rea tments  

i n  pounds of sugar ,  however a s  much a s  LO percent: var iance  was noted, 

The maximum y i e l d  of sugar  was 5-5  tons  per  ac re ,  wi th  a mean of 5,3 tons  

f o r  a l l  t reatments .  

It appears  t h a t  t h e  bee t  p l a n t  has t he  a b i l i t y  LO produce sugnr 

equa l ly  we l l  under e i t h e r  dry o r  moist s o i l  moisture cond i t i ons ,  

L e t t i n g  the  s o i l  dry ou t  t o  near w i l t i n g  poin t  d id  not  seem t o  lmve 

de t r imen ta l  e f f e c t s  on the  p lan t"  a b i l i t y  t o  produce sugar, 

Seasonal consumptive use f o r  t he  d i f f e r e n t  i r r i g a t i o n  t rea tments  

was very s i m i l a r  t o  those  i n  1965, Consumptive u s e  reached a small  peak 

i n  November, decreased through the  win ter  months, then  increased  ab rup t ly  

i n  March t a  another  peak by t h e  end of May, Seasonal consumptive use 

was 44 ,  45,  40 and 35 inches f o r  t h e  wet, medium, d ry ,  and s t r e s s  t r e a t -  

ments, r e spec t ive ly ,  S o i l  moisture d e p l e t i o n  by s o i l  depth  cal.cuiati.ons 

show t h a t  about  7 0  percent  of t he  moisture used was from the  t o p  twa f e c t .  
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Moisture was used f rotn the  5 th  and 6 t h  foot  d e p t h ,  bilt no niorr? than 

could be s to red  by t h e  germinat ion i r r i g a t i o n  on s i l t  loan  s o i l s .  

ArnMDMEWT NO. 1 

Root tops  increased  i n  weight u n t i l  a peak was reached i n  t hc  

middle of May, then  dec l ined  vcry r ap id ly  a s  t he  leaves  began t o  ntaturc, 

(F ig ,  2). The y i e l d  of tops  rcaclzed d peak of: 47 tuns per a c r e ,  Itoots 

continued t o  i nc rease  i n  weight wi th  cach harves t  u n t i l  the l a s t  ha rves t .  

F i n a l  bee t  roo t  y i e l d  was 40.8 tons  per ac re .  A d e f i x ~ i t e  border e f f e c t  

was noted e a r l y  i n  t h e  season i n  t h e  a r ea  u t i l i z e d  f o r  t h i s  s tudy,  and 

may have increased  t h e  top  growth, The sugar  percentage increased u n t i l  

June 27, then  dec l ined  sllght'jly f o r  t h e  l a s t  ha rves t .  

AMEMDHLYT- HO 2 

The medium t rea tment  had higher  bee t  weights f o r  each harvest;, bu t  

lower sugar percentages,  except  on the  l a s t  harves t .  When sugar percen- 

cages were appl ied  t o  the  r o o t  weights ,  t h e r e  was no d i f f e r e n c e  i n  t o t a l  

y i e l d  of sugar  on the b y  6 ,  May 16, and J u l y  3.1 ha rves t s ,  A 300 t o  400 

pound per  a c r e  i nc rease  of sugar  i n  favor  of t h e  dry t rea tment  occurred 

i n  t he  June 9 and June 15  ha rves t s ,  The same d i f f e r e n c e  i n  favor  of t l w  

medium treatment  occurred on J u l y  19. 

PERSONNEL: Leonard J. Er ie  and O r r i n  F. French, 
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TITLE : CLAY DISPERSANTS FOR TllE IIEDIJCTZON OF SEEPAGE LOSSES FROM 

RESERVOIRS 

LINE PROJECT: SWC V I L  gGl CODE N O . :  Ariz.-WCL-37 

INTRODUCTION : 

Observa t ions  and p o s t - t r e a t m e n t  s o i l  and w a t e r  a n a l y s e s  werc made 

d u r i n g  1966 on two s t o c k  t anks  t r e a t e d  w i t h  sodium c a r b o n a t e  t o  r educe  

seepage .  Dick Mason pond d i d  n o t  go dry  and no s o i l  samples were t a k e n .  

Addi t ions  o f  sodium c a r b o n a t e  and sodium c h l o r i d e  were made t o  Ilouse 

Mountain No. 1 pond w a t e r  i n  Novcmbcr 1966 t o  p r e c i p i t a t c  t h e  ca lc ium 

i n  the  pond w a t e r  and r e p l e n i s h  sodium on t h e  s o i l .  

PROCEDURE : 

Dick Mason Pond. During 1966 seepage measurements and s o i l  s o l u -  

t i o n  e x t r a c t s  were  t aken  p e r i o d i c a l l y  d u r i n g  t h e  y e a r  on t h i s  pond. 

House Mountain No. 1 Pond. S o i l  samples,  s o i l  s o l u t i o n  e x t r a c t s ,  

and seepage measurements were t aken  p e r i o d i c a l l y  d u r i n g  1966. Two 

hundred pounds of  sodium c a r b o n a t e  and 300 pounds of sodium c h l o r i d e  

were b r o a d c a s t  from a b o a t  t o  t h e  pond w a t e r  ( e s t i m a t e d  volume 270,000 

g a l l o n s )  i n  November 1966. These amounts were c a l c u l a t e d  from a 

chemical  a n a l y s i s  o f  t h e  s o i l  s o l u t i o n  e x t r a c t s ,  The purposc  of  t h i s  

t r e a t m e n t  was t o  p r e c i p i t a t e  t h e  ca* and Mg* i n  t h e  pond wa te r  and 

add ~ a +  t o  t h e  s o i l .  Enough c a r b o n a t e  was added t o  r e d u c e  the  ~ a *  

i n  t h e  pond w a t e r  by 100- fo ld  and keep t h e  pH below 9 .5 ,  A d d i t i o n a l  

~ a + ,  i n  t h e  form of sodium c h l o r i d e  was added t o  b r i n g  t h e  ESP t o  7 

i n  t h e  upper 2-3 i n c h e s  o f  s o i l .  Also a new s t i l l i n g  w e l l  and 

e x t r a c t i o n  cups were p l a c e d  i n  t h e  pond, c l o s e  by t h e  o l d  u n i t s ,  

RESULTS AND DISCUSSION: 

Dick Mason Pond. Seepage on t h i s  pond d u r i n g  t h e  y e a r  averaged 

4 mm/day. Th i s  low seepage  r a t e  e q u a l s  t h e  r a t e  measured i n  August 

1963, one y e a r  a f t e r  t r e a t m e n t  w i t h  TSPP, Chemical a n a l y s e s  of  t h e  

pond wa te r  and s o i l  s o l u t i o n  e x t r a c t s  a r e  g iven  i n  Table  1, Assuming 

t h a t  t h e  s o i l  s o l u t i o n  i s  i n  e q u i l i b r i u m  w i t h  t h e  s o i l ,  t h e r e  i s  

s t i l l  q u i t e  a b i t  o f  sodium remaining i n  t h e  t o p  o f  t h e  s o i l  p r o r i l e ,  

We were unable  t o  o b t a i n  e x t r a c t s  from the  22-em deep ce ramic  cup 
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d u r i n g  1966. E i t h e r  the  ce ramic  has bccomc clogged o r  dattiagcld o r  t r l ~ c :  

s o i l  wa te r  was under n e g a t i v c  p r e s s u r e ,  

It appears  t h a t  t h e  sodium c a r b o n a t e  t rca tmer l t  wi 11 be e r fec t ivc .  

i n  r educ ing  seepage l o n g e r  than t h e  TSPP t r e a t m e n t .  Th i s  l a t t e r  t r e a t -  

ment f a i l e d  12 t o  21 months a f t e r  t h e  s a l t  was a p p l i e d ,  whereas t h e  

sodium c a r b o n a t e  h a s  been e i l e c t i v e  1 3  months w i t h  l i t t l e  o r  no l o s s  

o f  sodium from t h e  t r e a t e d  dep th .  

House Mountain No, 1. The seepage r a t e  on t h i s  pond measured 

o v e r  a trhree-week p e r i o d  i n  mid May 1966 was 0.8 cm/day ( e v a p o r a t i o n  

was 0.7 cm/day f o r  a t o t a l  l o s s  o f  1.5 cm/day). Average wa te r  dep th  

d u r i n g  t h i s  t ime was 120 cm. Chemical a n a l y s i s  o f  t h e  pond w a t e r  and 

s o i l  s o l u t i o n  e x t r a c t s  a r e  g i v e n  i n  Table  2 ,  The d a t a  f o r  November 

1966 were t aken  a week p r i o r  t o  a p p l y i n g  t h e  sodium c a r b o n a t e  and 

sodium c h l o r i d e  t o  t h e  pond w a t e r ,  The samples t aken  i n  December 

1966 a r e  f o u r  weeks a f t e r  t h e  s a l t  a d d i t i o n .  

T o t a l  w a t e r  l o s s  measured d u r i n g  t h e  l a s t  two weeks oT December 

1966 and t h e  f i r s t  two weeks o f  January  1967 was 16 cm, o r  an  average  

o f  0.6 cm/day. Evapora t ion  was n o t  measured, b u t  seepage l o s s e s  

would be  on t h e  o r d e r  o f  0.4 t o  0 , 5  cm/day, a v e r y  low r a t e .  

SUMMARY : 

The use  of  sodium c a r b o n a t e  a s  a d i s p e r s i n g  agen t  t o  r educe  

seepage i n  two s t o c k  ponds was e v a l u a t e d .  Dick Mason pond i s  s t i l l  

m a i n t a i n i n g  a low seepage r a t e ,  0.4 cm/day, 13  months a f t e r  t r e a t m e n t .  

The s o i l  s o l u t i o n  i s  s t i l l  h igh  i n  sodium, 10  t o  12 mecI/l i n  t h e  top  

16 cm o f  t h e  s o i l  p r o f i l e .  Th i s  i n d i c a t e s  t h a t  v e r y  l i t t l e  l e a c h i n g  

i s  t a k i n g  p l a c e .  To d a t e ,  t h e  sodium c a r b o n a t e  t r e a t m e n t  has l a s t e d  

a s  long  a s  t h e  TSPP t r e a t m e n t ,  and i n d i c a t i o n s  a r e  t h a t  i t  may 

p e r s i s t  longer .  

The seepage r a t e  i n  House Mountain No. 1 pond i n c r e a s e d  from 0.4 

cm/day i n  September 1965 t o  0.8 cm/day i n  May 1966. Along w i t h  t h i s  

i n c r e a s e  was a d e c r e a s e  i n  sodium i n  t h e  s o i l .  I n  November 1966, 200 

pounds of  sodium c a r b o n a t e  and 300 pounds o f  sodium c h l o r i d e  were 

b r o a d c a s t  i n  t h e  pond w a t e r  t o  p r e c i p i t a t e  t h e  ca lc ium and magnesium 

Annual Report of the U.S. Water Conservation Laboratory



i n  the pond w a t e r  and i n c r c a s c  t h c  sodium i n   he s o i l .  S o i l  s o l u t i o n  

e x t r a c  ts taken i n  December 1966 showed tl marked i n c r e a s e  i n  sodium 

c o n c e n t r a t i o n  down t o  t h e  22-cm dep th .  Seepage measured d u r i n g  t h e  

l a s t  two weeks o f  December 1966 and the  f i r s t  two weeks o f  January  

1967 was 0.4 t o  0 , 5  cm/day, the  same low r a t e  a s  measured i n  1965. 

The p e r i o d i c  a d d i t i o n  o f  s a l t  t o  t h e  pond w a t e r  appears '  t o  be a 

s imple ,  i n e x p e n s i v e  method o f  m a i n t a i n i n g  a low seepage  Loss. Con- 

t i n u e d  seepage measurements and chemical  and p h y s i c a l  a n a l y s e s  o f  

s o i l  and w a t e r  shou ld  i n d i c a t e  t h e  l o n g e v i t y  of  t h e  r e t r e a t m e n t .  

PERSONNEL: Rober t  J, Regina to  and Lloyd E. W e r s .  
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Table  I.. Chemical a n a l y s i s  of  pond w a t e r  and s o i l  s o l u t i o n  e x t r a c t s  

from Dick Mason pond. 

Sample S i t e  Date  ~ a +  ~ a *  4- Mg- T o t a l  S a l t s  pH 
meq/l meq/l mey / 1 

Runoff Water 9 /65  

Pond 5 / 6 3  

5/64 

6/65 

9/65 

10/65 

11/65 

4 /66  

5 / 66 

8/66 

11/66 

S o i l  Depth 
(em> 
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Table 2 .  Chemical ana lys i s  of pond water and s o i l  sokutiou e x t r a c t s  

from House Mountain N o .  1 pond, 

Sample S i t e  Date 

Runoff Water 9 /65 

Pond 11/63 

5/64 

6/65 

9/65 

10/65 

11/65 

4/66 

5/66 

8/66 

11/66 

12/66 

Total  S a l t s  p I1 
meq / 1 

3.10 7 . 2  

2.0 

3.1 

1 . 7  

2.0 

2 .2  

2,6 

2.2 

2,4 

2.1 

1.4 

4.3 

S o i l  Depth 
(cm) 

1-4 10/65 1.52 4.35 4.4 
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Table 2 (Continued) , 

Sample Site Date Total S a l t s  pH 
meq/l 
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TITLE: WATERBORNE SEALANTS TO REDUCE SEEPAGE LOSSES FROM UNLINED 

CHANNELS AND RESERVOIRS 

LINE PROJECT: SWC V I I  gGl CODE NO. : A r i z ,  -WCL-38 

INTRODUCTION: 

During 1966, t e n  wate rborne  s e a l a n t s  were i n v e s t i g a t e d  i n  t h e  

l a b o r a t o r y ,  From t h e s e  t e n  s e a l a n t s ,  two pe t ro leum emuls ions  were 

deemed a c c e p t a b l e  For f u r t h e r  t e s t s ,  A d d i t i o n a l  l a b o r a t o r y  s t u d i e s  

were conducted t o  de te rmine  which o f  t h e  two m a t e r i a l s  would be most 

e f f e c t i v e  i n  reduc ing  seepage over  a  wide range o f  s o i l  t e x t u r e s ,  

Three r e s e r v o i r s  were t r e a t e d  i n  October 1966 w i t h  t h e  emuls ion found 

t o  be most e f f e c t i v e  i n  t h e  l a b o r a t o r y  t e s t s .  

PROCEDURE : 

Procedures  have been p r e v i o u s l y  d e s c r i b e d  excep t  

Lor changes i n  t h e  seepage c y l i n d e r  equipment,  P r e t r e a t m e n t  seepage 

r a t e s  a r e  c o n t r o l l e d  by i n s e r t i n g  v a r i o u s  l e n g t h s  o f  f i n e  c a p i l l a r y  

t u b i n g  i n  t h e  d i s c h a r g e  l i n e s ,  

Four s o i l s ,  Cajon v e r y  c o a r s e  sand, L e e t s v i l l e  f i n e  sand, Cont ro l  

sandy loam, and Laveen loam, were  packed i n t o  c y l i n d e r s .  Two p e t r o -  

leum emuls ions ,  1 0 8  and 14M, i n  c o n c e n t r a t i o n s  o f  one, t h r e e ,  and 

f i v e  ppt  were added t o  w a t e r  ponded over  t h e  s o i l s  (one pp t  i s  e q u i -  

v a l e n t  t o  0 , l  g a l l o n s  emuls ion per  s q u a r e  y a r d ) .  The supply w a t e r  

was s topped when t h e  emuls ions  were added t o  t h e  ponded w a t e r .  

Twenty-four hours a f t e r  t r e a t m e n t ,  t h e  c y l i n d e r s  were r e f i l l e d  w i t h  

w a t e r  and emuls ion a t  t h e  o r i g i n a l  c o n c e n t r a t i o n s .  Twenty-four hours  

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

c o n s t a n t  head main ta ined .  A l l  c y l i n d e r s  were r u n  i n  d u p l i c a t e .  

F i e l d ,  Emulsion l0A was added t o  t h r e e  r e s e r v o i r s  w i t h  a  

p o s i t i v e  displacement  g e a r  pump i n  October 1966, The purpose of 

t h e  f i e l d  t r i a l s  was t o  de te rmine  t h e  e f f e c t i v e n e s s  o f  t h e  t r e a t m e n t  

under f i e l d  c o n d i t i o n s  and t o  de te rmine  t h e  l o n g e v i t y  of r h e  t r e a t m e n t .  

The f i r s t  pond t r e a t e d  was i n  Laveen loam i n  Glendale ,  Ari zona,  

It had a  p r e t r e a t m e n t  seepage r a t e  o f  1 f t / d a y .  Seven hundred f i f t y  

g a l l o n s  of emuls ion were added t o  t h e  wa te r  a s  t h e  pond E i l l c d ,  
2 

r e s u l t i n g  i n  an a p p l i c a t i o n  r a t e  of 0 ,5  g a l / y d  . Two 8- inch  d iamete r  
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a t i o n  c y l i n d e r s  were placed i n  t h e  pond bottom 3 months 

a f t e r  t r e a t m e n t ,  I n f i l t r a t i o n  measurements were made w i t h  c l e a r  

w a t e r  f o r  a  24-hour p e r i o d  (wi th  an i n i t i a l  head o r  about  1 E t ) .  

Emulsion 10A was then  added t o  t h e  w a t e r  i n  t h e  c y l i n d e r s  a t  t h e  
2 

r a t e  o f  0 ,5  g a l / y d  and t h e  w a t e r  l e v e l  was brought up t o  t h e  1 - f t  

d e p t h ,  - Water l e v e l s  i n  t h e  two c y l i n d e r s  were measured 1, 5, and 8  

days a f t e r  t r e a t m e n t ,  and c l e a r  wa te r  was added t o  b r i n g  t h e  d e p t h  

back t o  1 f t  a f t e r  each  measurement. 

A f a l l i n g - h e a d  permeameter was placed on t h e  a s p h a l t  membrane 

3  months a f t e r  t r e a t m e n t  t o  de te rmine  how good a  s e a l  was formed, 

A 3 - f t  head o f  w a t e r  was p laced  on t h e  LO-inch d iamete r  c y l i n d e r .  

Hydraul ic  c o n d u c t i v i t y  o f  t h e  membrane was c a l c u l a t e d .  

Located i n  Salome, Arizona, t h e  second pond was c o n s t r u c t e d  i n  

Cajon very  c o a r s e  sand ,  I t s  p r e t r e a t m e n t  seepage r a t e  was 2,3 

f t / d a y .  One thousand two hundred f i f t y  g a l l o n s  o f  emulsion were 

added t o  t h e  f i l l i n g  w a t e r  r e s u l t i n g  i n  an a p p l i c a t i o n  r a t e  o f  0.8 
2 

g a l / y d  . One 8- inch  d iamete r  i n f i l t r a t i o n  c y l i n d e r  was p laced  i n  

t h e  bank of  t h e  pond about  1 f t  from t h e  pond bottom 3 weeks p r i o r  

t o  t r e a t m e n t ,  I n f i l t r a t i o n  measurements were made w i t h  c l e a r  wa te r  

f o r  a  100-minute p e r i o d  (wi th  a  head of about  1 f t ) ,  Emulsion 10A 

was then  added t o  t h e  wa te r  i n  t h e  c y l i n d e r  a t  t h e  r a t e  o f  0.8 
L 

g a l / y d  and t h e  wa te r  l e v e l  was brought  up t o  t h e  1 - f t  dep th ,  The 

w a t e r  l e v e l  was measured d u r i n g  t h e  LOO minutes  immediately a f t e r  

t r e a t m e n t ,  

A f a l l i n g - h e a d  permeameter, d e s c r i b e d  above, was p laced  on t h i s  

a s p h a l t  membrane 2  months a f t e r  t r e a t m e n t .  

Reno, Nevada was t h e  t h i r d  t e s t  s i t e ,  The pond, i n  L e e t s v i l l e  

f i n e  sand, was much s m a l l e r  t h a n  t h e  p rev ious  two, and on ly  30 g a l  
2 

Lsion were used, r e s u l t i n g  i n  a  0,25 g a l / y d  a p p l i c a t i o n  r a t e .  

r ea tment  seepage w a s  0.3 f t / d a y  . This  pond was l o c a t e d  and 

t r e a t e d  by a cooperati .ng f i e l d  s t a t i o n .  I n i t i a l l y ,  we were t o l d  

t h a t  t h e  pond had a  seepage r a t e  o f  about 2  f t / d a y ,  s o  we recommended 
2  

a  t r e a t m e n t  r a t e  o f  0 ,5  g a l / y d  . However, t h e  i n i t i a l  seepage r a t e  
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was a c t u a l l y  n ~ u c l ~  lower (0.3 f t l d a y )  as  w e l l  a s  the  amount 01 
2 

emulsion added by the  coopera tor  (0,25 gal /yd ).  

Immediate pos t t rea tment  seepage measurements were made on a l l  

t h r e e  ponds. 

RESULTS AND DISCUSS I O N  : 

Laboratory,  Emulsion 10A reduced seepage i n  l abo ra to ry  c y l i n d e r s  

b e t t e r  than 14 MR over t h e  e n t i r e  range of  s o i l  t e x t u r e s  i n v e s t i g a t e d  

(see Table 1 ) .  The l a t t e r  emulsion d id  no t  work we l l  on t he  Cajon 

s o i l  (13 and 39 percent  r educ t ion )  but  emulsion 1 O A  d id  (92 percent  

r educ t ion ) .  Both emulsions showed poor seepage r educ t ion  a t  a  low 

i n i t i a l  seepage r a t e  (0 ,5  f t / day ) ,  a  f a c t  demonstrated i n  previous 

y e a r ' s  work, The e f f e c t  of  emulsion concen t r a t i on  appears  t o  be impor- 
2  

t a n t  on the medium tex tured  Laveen loam, Here 0,5 ga l lyd  g ives  near ly  
2  

100 percent  reduc t ion ,  whereas 0.2 gal /yd g ives  only 47 percent  reduc- 

t i o n .  On the  b a s i s  of l abo ra to ry  i nves t i ga t ions ,  i t  was decided t h a t  

emulsion 10A would be used f o r  t he  f i e l d  t r i a l s .  

F i e ld .  The r e s u l t s  of t h e  t h r e e  f i e l d  t r i a l s  a r e  shown i n  
P 

Table 1, 

Although t h e  pre t rea tment  seepage r a t e  and t h e  amount of  emul- 

s i o n  added t o  Laveen loam were t h e  same i n  t h e  f i e l d  a s  i n  t he  labora-  

t o ry ,  t h e  seepage r educ t ion  was not  (994- percent  i n  t h e  l abo ra to ry  

versus  47 percent  i n  the f i e l d ) .  Post t reatment  i n s p e c t i o n  of  the pond 

revea led  t h a t  the s o i l  s t a r t e d  t o  crack, exposing t h e  s o i l  under t h e  

a s p h a l t  (petroleum). The cause ( s )  of  t he  c rack ing  i s l a r e  c u r r e n t l y  

under i n v e s t i g a t i o n  i n  t h e  l abo ra to ry ,  

I n f i l t r a t i o n ,  measured w i t h  the cy l inde r s ,  was reduced 60 percent  

1 day a f t e r  t reatment  and 93 percent  5  days l a t e r .  There was no - 

evidence of s o i l  cracking i n  t he  c y l i n d e r s ,  This r educ t ion  i s  nea r ly  

a s  g r e a t  as  was found i n  t he  l abo ra to ry .  Hydraulic conduc t iv i t y  of 
-4 t h e  membrane, from permeameter da t a ,  averaged 2 x 10 Et/day, 

e s s e n t i a l l y  an impermeable b a r r i e r ,  

Seepage r educ t ion  i n  the  Salome pond was i d e n t i c a l  (93 percent )  t o  

t h a t  found i n  the  l abo ra to ry  s t u d i e s .  A heavy a p p l i c a t i o n  of  emulsion 
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2 
(0 ,8  ga l /yd  ) was made i n  t he  pond as  t h e  head 01 water (160 cm) 

would be g r e a t e r  than t h a t  used i n  the cy l inde r s  (50 cm). It was 

thought t h a t  more a spha l t  on the  s o i l  would b e t t e r  r e s i s t  the water 

pressure,  forc ing  the  a spha l t  i n t o  the  s o i l  pores ,  

An i n f i l t r a t i o n  reduct ion  of 96 percent  was obtained wi th  the  

cy l inde r s  placed i n  pond bank. This compares favorably wi th  the  

labora tory  study and f i e l d  t r i a l  (93% f o r  each) ,  Resul t s  from the  

permeameter gave a  hydraul ic  conduct iv i ty  f o r  the  membrane, of 

1 x l f 4  f t /day ,  again, meaning a r e l a t i v e l y  impermeable s e a l .  

The pond was pumped dry by the  farmer s e v e r a l  days a f t e r  t r e a t -  

ment, as  he wished t o  r e f i l l  w i t h  c l e a r  water  and s tock  t h e  pond 

w i t h  f i s h .  Upon r e f i l l i n g  the pond, t h e  l i n i n g  was t o r n  along a  

smal l  s ec t ion  on one s i d e  of t h e  pond, The seepage r a t e  increased  

t o  g ive  a  seepage reduct ion  of 73 percent ,  The t o r n  a r e a  was 

sprayed wi th  a  c a t i o n i c  a spha l t  emulsion (RSK) a f t e r  the  pond went 

dry.  After  r e f i l l i n g  the  pond again w i t h  c l e a r  water ,  t he  seepage 

reduct ion  was 78 percent  (based on the pretreatment  r a t e ) ,  

Because the re  was a  t h i c k  l aye r  of s i l t  and sand covering the  

membrane, we probably d id  not  l o c a t e  a l l  t h e  damaged a r e a s ,  I f  the 

pond l i n i n g  had not been damaged upon r e f i l l i n g ,  o r  i f  we had r epa i r ed  

a l l  the broken areas ,  I f e e l  t h a t  high seepage r educ t ion  (93 percent )  

would s t i l l  be maintained. The l i n i n g  d id  not  have high e ros ion  

r e s i s t a n c e  t o  fas t - f lowing  water .  

In  Reno, Nevada i t  i s  understandable why the  waterborne s e a l a n t  

d id  not  work (on the  t r e a t e d  pond, seepage was reduced 53 percent  

4 weeks a f t e r  treatment,  while  the  seepage r a t e  i n  2 con t ro l  ponds 

dec l ined  by 66 and 47 pe rcen t ) .  The i n i t i a l  seepage r a t e  was too  

low (0.3 f t / d a y ) .  From a l l  previous work, we have shown t h a t  an 

i n i t i a l  r a t e  of about 1 f t / day  i s  necessary before the  waterborne 

s e a l a n t s  we have inves t iga t ed  a r e  e f f e c t i v e ,  It i s  poss ib l e  t h a t  

the  pond may be r e t r e a t e d  next  spr ing  when the  water  t a b l e  dec l ines  

and the seepage r a t e  increases .  
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SUMMARY AND CONCLUSIONS : 

Labora to ry  exper inlents  and t h r e e  f i e l d  t r i a l s  were conducted t o  

determine t h e  s u i t a b i l i t y  o f  an a s p h a l t  emulsion a s  a wa te rborne  

seepage-reducing a g e n t ,  I n  t h e  l a b o r a t o r y ,  four  s o i l s ,  r ang ing  

from a  ve ry  c o a r s e  sand t o  a  loam were packed i n  c y l i n d e r s ,  and t h e  

emulsion added t o  t h e  w a t e r  ponded over  t h e  s o i l .  For a p p l i c a t i o n  
2 

r a t e s  o f  emulsion g r e a t e r  t h a n  0,3 ga l /yd  and i n i t i a l  seepage r a t e s  

i n  excess  o f  1 f t / d a y ,  seepage was reduced by a t  l e a s t  9 2  p e r c e n t ,  

A f i e l d  t r i a l  i n  Cajon v e r y  c o a r s e  sand r e s u l t e d  i n  93 p e r c e n t  

r e d u c t i o n  i n  t h e  seepage r a t e ,  j u s t  a s  was p r e d i c t e d  i n  t h e  l a b o r a -  

t o r y  exper iments ,  However, t h e r e  was no seepage r e d u c t i o n  i n  t h e  

pond i n  L e e t s v i l l e  f i n e  sand. Th is  l a c k  o f  r e d u c t i o n  i s  because 

t h e  i n i t i a l  seepage r a t e  was t o o  low (0.3 f t / d a y )  f o r  t h e  wa te rborne  

s e a l a n t  t o  be e f f e c t i v e .  Although t h e  seepage r a t e  was reduced 

99 percen t  i n  l a b o r a t o r y  t e s t s  on Laveen loam, t h e  r a t e  i n  t h e  pond 

was reduced on ly  45 p e r c e n t .  Pos t t rea tment  i n v e s t i g a t i o n  o f  t h e  

pond revea led  t h a t  t h e  s o i l  and a s p h a l t  had s t a r t e d  t o  c r a c k ,  Causes 

o f  t h i s  c r a c k i n g  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  

It i s  e v i d e n t  from our  t e s t s  t h a t  t h e  wa te rborne  s e a l a n t  we 

i n v e s t i g a t e d  i s  most e f f e c t i v e  i n  non-shr inking s o i l s  where t h e  

seepage r a t e  exceeds  1 f t / d a y ,  S o i l  sh r inkage  c a u s e s  t h e  membrane 

t o  r u p t u r e .  The membrane w i l l  a l s o  be mechanical ly  damaged by 

f a s t - f l o w i n g  w a t e r ,  To c i rcumvent  t h i s  problem, t h e  t r e a t e d  pond 

shou ld  be kep t  f u l l  o f  wa te r .  

PERSONNEL: Robert  J. Regina to  and Lloyd E. Nyers 
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Table 1. Percent  r educ t ion  i n  seepage r a t e  72 hours a f t e r  t reatment .  

Mater ia l  

Emulsion Added 
( ~ a l / y d - ~ )  

I n i t i a l  Seepage Rate 
( f t /day  -1)  

s 
S o i l  Texture 

1 

L e e t s v i l l e  Fine 'T 
Cajon 

Co 
I 
m 

Control  Sandy / Loam 

Very 
Coarse 
Sand 

Laveen / ~ o a m  

LABORATORY CYLINDERS FIELD PONDS 
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T I R E :  CRACK SENANTS FOR C:ONCI<1U".: I,.LNEJ) CANALS 

L I N E  PlIOJJZCT: SWC V I I  gGl CODE NO. : Ariz .-WCI,--39 

INTRODUCTION : 

Since the publ ica t ion  of' NIS 41-1.21, "liepair of Cracks i n  Concrc:tc 

Channel Li.nings,I1 June 1966, work on t h i s  research  o u t l i n e  has cctnsistcd 

mainly of inspec t ing  tes t  s e c t i o n s  o r  canals  wl-cre cxpcritncotnl cu:~ck 

s e a l e r s  were sprayed. 

RESULTS AND DISCUSSION : 

Sprayable crack s e a l e r  S commercially manufactured, was sprayed 2' 
on a 500-ft  s e c t i o n  of the  Tempe Canal i n  November 1964. This cana l  

has water i n  i t  cont inuously eleven months of t he  y e a r ,  Inspect ion ol  

t h i s  s i t e  i n  November 1965 showed t h a t  tho s e a l e r  had cracked above thc  

water l i n e  but  no t  below. Bonding oP the  ma tc r i a l  to  the  guni.tc w' l s  

e x c e l l e n t  on cracks t h a t  had been cleaned with a  high pressure  watcr 

j e t  o r  wire  brushed, Followed by a  tack  coa t .  

Two yea r s  a l t e r  t reatment ,  November 1966, t hc  matcr ial  was  gain 

inspected.  Bonding was s t i l l  good on the  cracks cleaned as  mentioned 

previously.  However, the  s e a l e r  had s t a r t e d  t o  c rack  below t h e  watcr 

l i n e  r ega rd l e s s  of the  c leaning  t reatment .  At: the  watcr l i n e ,  t h e  

s e a l e r  was b l i s t e r i n g  and pee l ing  on a l l  t rea tments  except where n 

tack coa t  was used. 

The genera l  appearance of the s e a l e r  was not good. I t  sccmcd t o  

have d e t e r i o r a t e d  considerably during the period one t o  two yea r s  

a f t e r  i n s t a l l a t i o n .  

Other sprayable crack s e a l e r s ,  such as  res inous  polymers a r c  

being inves t iga t ed ,  bu t  no da t a  a r e  a v a i l a b l e  a t  t h i s  t ime. 

SUMMARY : 

After  two years  of exposure i n  an ope ra t iona l  canal ,  a  commer- 

c i a l l y  manufactured, sprayable  crack s e a l e r  has cracked above and 

below the  water l i n e .  The ma te r i a l  i s ,  however, s t i l l  bonded t o  t he  

gun i t e  where the  c racks  had been cleaned w i t h  a  high pressure  water 

j e t  o r  wi re  brushed and a  tack  coa t  appl ied .  A l l  o the r  c leaning 

t reatments  r e s u l t e d  i n  poor bonding of t he  s e a l e r  t o  the  gun i t e .  
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Other s p r a y a b l e  c r a c k  s e a  l c r s ,  such  as  r e s i n o u s  polymers, arc 

currently under i n v e s t i g a t i o n ,  hut  n o  d a t a  a r e  a v a i l a b l e  a t  t h i s  t i m c ,  

PERSONNEL: Rober t  J. Reg ina to  and Lloyd E. Myers. 

Annual Report of the U.S. Water Conservation Laboratory



TITLE: ULSPEliSION AND E'LQCCULATLON OF SOIL AND CLAY HLMEMLS AS RE1,ATED 

TO THE Na AND Ca S'l'kTUS Or THE AMBIENT SOLIJTION 

LINE PROJECT: SWC VII-gG4 CODE N O . :  Ariz-WCL-40 

INTRODUCTION: 

The primary o b j e c t i v e s  of t h i  p r o j e c t  have been d i s c u s s e d  i n  t h e  

n u a l  Report  of 1964, 

FLOCCULATION BEHAVIOR UP SOILS AND CLAY 

p a r t  of t h e  s t u d y  was t o  s t u d y  t h e  d e f l o c c u l a t i o n -  

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

o s i t i o n  i n c l u d i n  b o t h  t h e  k i n d  of c a t i o n s  and t h e  c o n c e n t r a t i o n .  

PROCEDURE : 

S e p a r a t e  20g s o i l  and c l a y  m i n e r a l  samples were washed and Leached 

f i r s t  w i t h  200 nd of SAR s o l u t i o n s  of 1, 5, 10 ,  15 ,  20, and 40 a t  

a  c o n c e n t r a t i o n  of 30 m e q l l i t e r ,  fo l lowed by washing w i t h  a  s i m i l a r  

volume of SAR s o l u t i o n s ,  b u t  a t  a  c o n c e n t r a t i o n  of I m e q / l i t e r .  For 

oming b e n t o n i t e ,  2g samples were washed by c e n t r i f u g a t i o n ;  

t h e  soJ_u t ion  c o n c e n t r a t i o n  used w a s  30 m e q l l i t e r  fo l lowed  by 10 n i e q l l i t e r .  

The l eached  o r  e e a t r i f u  ed m a t e r i a l  was d i s p e r s e d  i n  200 r n l  of  t h e  

r e s p e c t i v e  SAR s o l u t i o n  a t  1 m e q l l i t e r  c o n c e n t r a t i o n .  Two m l  of 

t h e  suspens ion  were t r e a t e d  wi th  23 m l  of c o n s t a n t  SAL< s o l u t i o n ,  

b u t  w i t h  a  s e r i e s  of v a r y i n g  e l e c t r o l y t e  c o n c e n t r a t i o n s  i n  a  g radua ted  

t e s t  tube ,  The mix ture  was shaken and allowed t o  s e t t l e  f o r  1 8  h o u r s ,  

The t h r e s h o l d  concen 'cra t ion a t  which deflocculation-flocculation 

s e p a r a t i o n  occur red  f o r  a  g iven SAR t r e a t m e n t  w a s  no ted  v i s u a l l y ,  

Concen t ra t ion  g r a d i e n t s  used were l m e y / l i t e r ,  The c o n d i t i o n  of 

f l o c c u l a t i o n  o r  d e f l o c c u l a t i o n  was e a s i l y  observed w i t h i n  l m e q l l i t e r  

c o n c e n t r a t i o n  ranges .  I n  one c a s e  t h e  suspens ion  was ana lyzed  f o r  

suspended m a t e r i a l s  by p i p e t t i n g  o u t  p a r t  of t h e  s o l u t i o n  f o r  comparison 

w i t h  t h e  s imple  v i s u a l  tu rb imet r i -c  t e c h n i q u e ,  The s u s p e n s i o n  weight  

was c o r r e c t e d  f o r  t h e  s a l t  p r e s e n t ,  

The c l a y  m i n e r a l s  used were i l l i t e  (Goose Lake) ,  b e n t o n i t e  (Wyoming), 

b e n t o n i t e  (Chambers) , k a o l i n i t e  (Macon) , and k a o l i n i t e  (Mesa A l t a )  , 
which were o b t a j n e d  from Wards N a t u r a l  Sc ience  Es tab l i shment .  The 
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s o i l  m a t e r i a l s  used were t h e  Big Lake c l a y  loam, Mason c l a y ,  and House 

Mountain s i l t y  c l a y  from Arizona;  Pachappa loam from C a l i f o r n i a ;  and 

Hagerstown s i l t  loam from West V i r g i n i a .  The p h y s i c a l  and chemical  

a n a l y s e s  o f  t h e  s o i l s  a r e  p r e s e n t e d  i n  Tab le  1 ,  

The e f f e c t  of Mg and Ca c a t i o n s  on t h e  flocculation-deflocculation 

phenomena was a l s o  compared i n  t h e  Mason s o i l ,  I n  t h i s  c a s e ,  f o r  a  
* 

given SAR and e l e c t r o l y t e  c o n c e n t r a t i o h ,  t h e  amounts o f  Ca and Mg c a t i o n s  

were v a r i e d ,  

The combination of SAR and e l e c t r o l y t e  c o n c e n t r a t i o n  at  which 

t h e  d e f l o c c u l a t i o n  and f l o c c u l a t i o n  cou ld  be s e p a r a t e d  was p l o t t e d  

u s i n g  t h e  exec  r o l y t e  c o n c e n t r a t i o n  as t h e  a b s c i s s a  and t h e  SAR as t h e  

o r d i n a t e ,  A  Line o f  b e s t  f F t  was d r a m  through t h e  d a t a  p o i n t s  f o r  a  

g iven m a t e r i a l .  S t a r t i n g  from t h e  lowes t  concentration-SAK combinat ion,  

t h e  r e g i o n  t o  t h e  r i g h t  of t h e  curve  is  t h e  f l o c c u l a t e d  zone and t h a t  

t o  t h e  l e f t  i s  t h e  d e f l o c c u l a t e d  zone.  

RESULTS AND DISCUSSIONS : 

The p i p e t t e  a n a l y s e s  of t h e  suspens ion  f o r  t h e  v a r i o u s  SAK treat- 

ments a t  d i f f e r e n t  e l e c t r o l y t e  c o n c e n t r a t i o n s  f o r  t h e  Mason s o i l  a r e  

p r e s e n t e d  i n  F igure  1. The a n a l y s e s  showed two d i s t i n c t  zones of b e h a v i o r ;  

namely, t h e  d e f l o c c u l a t e d  and t h e  f l o c c u l a t e d  zones .  I n  t h e  d e f l o c c u l a t e d  

zones t h e  p a r t i c l e s  were n o t  complete ly  d i s p e r s e d  and,  f o r  a  s p e c i f i e d  

SAR, had v a r y i n g  d e g r e e s  of d i s p e r s i o n ,  which w a s  a  f u n c t i o n  of t h e  

e l e c t r o l y t e  c o n c e n t r a t i o n .  The v i s u a l  t u r b i m e t r i c  s e p a r a t i o n  of t h e  

f l o c c u l a t e d  and d e f l o c c u l a t e d  s t a t e  a s  shown by t h e  a s t e r i s k  i n  F igure  

1 was cons idered  a c c u r a t e  enough f o r  our  work. The t u r b i m e t r i c  method 

r e q u i r e d  only  a  few minutes  t o  run  whereas t h e  p i p e t t e  a n a l y s i s  r e q u i r e d  

t h r e e  days t o  complete.  

Wiklander and H a l l g r e n  (8) working w i t h  homoionic s o i l  m a t e r i a l s  

and a  d i f f e r e n t  t e c h n i q u e  no ted  t h a t  d i s p e r s i o n  d i d  n o t  t a k e  p l a c e  at  

a  d e f i n i t e  c o n c e n t r a t i o n ,  b u t  i n c r e a s e d  s u c c e s s i v e l y  w i t h  d e c r e a s i n g  

c o n c e n t r a t i o n  i n  t h e  p e r c o l a t i n g  s o l u t i o n .  The need f o r  c o n t r o l l e d  

d e f l o c c u l a t i o n  i n s t e a d  o f  complete  d i s p e r s i o n  has  been a l l u d e d  t o  f o r  

seepage  c o n t r o l  by t h e  use of chemical  d i s p e r s a n t s .  The e x a c t  degree  

of d i s p e r s i o n ,  however, has  n o t  been s p e c i f i e d  and r e s e a r c h  a l o n g  t h e s e  
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l i n e s  may prov ide  t h e  r e q u i r e d  answers.  

The i l l i t i c ,  m o n t m o r i l l o n i t i c ,  and k a o l i n i t i c  c l a y  m i n e r a l s  behaved 

s i m i l a r l y  i n  regards  t o  t h e  f  l occu l a t ed -de f loccu l a t ed  s t a t e  under  t h e  

v a r i o u s  s o l u t e  composi t ions  a s  i l l u s t r a t e d  i n  F i g u r e  2. L ines  o f  b e s t  

f i t  were drawn through t h e  d a t a  p o i n t s  and t h e  curve  is  similar t o  t h a t  

r e p o r t e d  by Col l is -George and Smiles  (3) f o r  t h e i r  s i n g l e  s o i l  sample.  

For a  s p e c i f i e d  SAR, t h e  c l a y  m i n e r a l  m a t e r i a l s  r e q u i r e d  a  lower 

c o n c e n t r a t i o n  o f  e l e c t r o l y t e  t h a n  t h e  s o i l  m a t e r i a l s  t o  go from t h e  

d i s p e r s e d  t o  t h e  f l o c c u l a t e d  s t a t e  ( F i g u r e  3 ) .  

Unlike t h e  c l a y  rninera s ,  t h e  v a r i o u s  s o i l  m a t e r i a l s  behaved very 

d i f f e r e n t l y  from each o t h e r  i n  regard  t o  t h e  flocculation-deflocculation 

s t a t u s  a s  shown i n  F i g u r e  3. The Big Lake and House Mountain s o i l s  were 

similar t o  t h e  c l a y  m i n e r a l s ,  whereas t h e  Pachappa and Hagerstown s o i l s  

were n o t ,  For comparat ive  purposes ,  t h e  d a t a  of Col l is -George and Smiles  

(3 )  a r e  a l s o  p l o t t e d  i n  t h e  f i g u r e .  

I n  t h e  1965 Annual Report  i t  was no ted  t h a t  i n c r e a s i n g  t h e  r a t e  

of a p p l i c a t i o n  o f  NaCl and Na SO i n  t h e  Big Lake and Mason s o i l s  caused 2 4 
an e v e n t u a l  d e c r e a s e  i n  t h e  amount of d i s p e r s e d  m a t e r i a l s ,  whereas t h e  

Na CO t r e a t m e n t  i n c r e a s e d  d e f l o c c u l a t i o n ,  On t h e  o t h e r  hand, d a t a  
2 3 

u s i n g  t h e  same t r e a t m e n t  r a t e s  f o r  t h e  Pachappa s o i l  showed no d e c r e a s e  

i n  t h e  amount of d i s p e r s e d .  m a t e r i a l  w i t h  i n c r e a s i n g  r a t e s  f o r  a l l  

t h e  d i f f e r e n t  Na s a l t  t r e a t m e n t s .  The p h y s i c a l  and chemical  ana.Lyses 

of t h e  e q u i l i b r i u m  s o l u t i o n  f o r  t h e  h i g h e s t  t r e a t m e n t  r a t e  of 32 meq per  

100 g  s o i l  m a t e r i a l  a r e  l i s t e d  and compared w i t h  t h e  p r e d i c t e d  suspens ion  

s t a t u s  on Table  2 u s i n g  t h e  chemical  a n a l y s i s  and t h e  r e l a t i o n s h i p  

developed i n  F i g u r e  3. The comparison s u p p o r t s  t h e  e x p l a n a t i o n  made 

i n  t h e  e a r l i e r  s t u d i e s  t h a t  an i n c r e a s e  i n  e l e c t r o l y t e  c o n c e n t r a t i o n  

w a s  c a u s i n g  f l o c c u l a t i o n  when t h e  r a t e  of s a l t  t r e a t m e n t  was i n c r e a s e d .  

According t o  p r e s e n t  t h e o r y  on t h e  b e h a v i o r  of d i s p e r s e d  charged c o l l o i d a l  

p a r t i c l e s ,  t h e  f l o c c u l a t i o n  caused by an i n c r e a s e  i n  e l e c t r o l y t e  

c o n c e n t r a t i o n  f o l l o w s  from t h e  s u p p r e s s i o n  of t h e  d i f f u s e  double  l a y e r  

which r e s u l t s  i n  t h e  c l o s e r  approach of t h e  c o l l o i d a l  m i c e l l e ,  and 

subsequent  a t t r a c t i o n  of t h e  p a r t i c l e s  through van d e r  Waalfs f o r c e s .  
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h s u i t a b l e  e x p l a n a t i o n  f o r  t h e  d i f f e r e n c e s  observed i n  t h e  f l o c c u l a t i o n  

of t h e  v a r i o u s  s o i l  m a t e r i a l s  is n o t  a v a i l a b l e  at p r e s e n t .  The r e a s o n  

a p p a r e n t l y  l i e s  i n  t h e  physico-chemical  n a t u r e  o f  t h e  c o l l o i d a l  m i c e l l e  

and i n v e s t i g a t i o n s  a r e  be ing  condticted t o  e v a l u a t e  such p r o p e r t i e s .  

Prom t h e  p r a c t i c a l  f i e l d  problem of s e l e c t i n g  t h e  r a t e  of a p p l i c a t i o n  

o f  chemical  d i s p e r s a n t s ,  t h e  d a t a  p r e s e n t e d  i n  i g u r e  3 i n d i c a t e  t h a t  

t h e  Hagerstown s a i l  w i l l  r e q u i r e  less Na-salt t h a n  t h e  MaSon s o i l  t o  

o b t a i n  s o i l  d i s p e r s i o n  f o r  seepage con t ro2 ,  

The e f f e c t s  of Ca 4- Mg on t h e  flocculation-defloccuLation p r o c e s s  

a r e  compared f o r  t h e  Mason s o i l  i n  F i g u r e  4 ,  I n  t h e  comparison,  s y s  terns 

of NaCl-CaC12, NaC1-MgC.L2, and mixed systems of NaCl-CaC12-MgCl w i t h  2 
d i f f e r e n t  r a t i o s  of C a  and Mg were u t i l i z e d .  The r e s u l t s  show t h a t  f o r  

a s p e c i f i e d  SAR, t h e  N a C I - C a C l  sys tem f l o c c u l a t e d  a t  a  lower  e l e c t r o l y t e  2 
c o n c e n t r a t i o n  than  t h e  HaCl-MgCL, system, This  is i n  agreement w i t h  2 
t h e  work of Jenny and Kei temeie r  (4 )  who showed t h a t  t h e  f l o c c u l a t i o n  

v a l u e ,  amount of e l e c t r o l y t e  needed t o  cause  f l o c c u l a t i o n  of homonionic 

Mg-clay m i n e r a l ,  w a s  h i g h e r  t h a n  t h a t  f o r  t h e  Ca-clay ni inera l .  F u r t h e r -  

more, t h e  replacement  o f  25 p e r c e n t  o r  50 p e r c e n t  of t h e  Ca by Mg c a t i o n s  

r e s u l t e d  i n  sys tems which behaved more l i k e  t h e  Mg dominant than  t h e  Ca 

dominant c o n d i t i o n .  I n  t h e  u s u a i  procedure  f o r  c a l c u l a t i n g  SAR, t h e  Ca 

and Mg c o n c e n t r a t i o n s  a r e  combined. For flocculation-deflocculation 

b e h a v i o r ,  a l though  i t  is  conven ien t  t o  r e p r e s e n t  t h e  r e l a t i o n  between 

the.  monovalent and d i v a l e n t  c a t i o n s  by t h e  sodium a d s o r p t i o n  r a t i o  , 
one must be more s p e c i f i c  by d e s i g n a t i n g  t h e  amount of C a  and Mg c a t i o n s  

p r e s e n t ,  

PART TZ . MEASUIIEMENT OF Ca ACTIVITY : DISSOCLK~LON AND SOLUULLLTY OF 

CaSO ,2H20 4 
INTRODUCTION : 

I n  t h e  p r e s e n t  l a b o r a t o r y  s tudy  on s o i l  d i s p e r s i o n  and f i e l d  

i n v e s t i g a t i o n s  on chemical  c o n t r o l  of seepage l o s s e s  (Ariz-WCL-37) 

a n  a t t empt  is made t o  r e p l a c e  t h e  Ca of t h e  s o i l  exchange co~nplex w i t h  

Na t o  cause  d i s p e r s i o n  and s w e l l i n g  of t h e  s o i l  m a t e r i a l ,  For a  b e t t e r  

unders tand ing  of t h e  p r o c e s s  of d e f l o c c u l a t i o n  and c a t i o n  exchange,  

we must have r e l i a b l e  measurements o f  t h e  Na and Ca s t a t u s  o f  t h e  
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ambient s o l u t i o n ,  The sodium s a l t s  encountered i n  s o i l  strudies a r e  

e s s e n t i a l l y  complete ly  d i s s o c i a t e d .  The Ca s a l t s ,  such a s  CaSO and 
4  

CaCO3? however, a r e  n o t  complete ly  d i s s o c i a t e d .  U n f o r t u n a t e l y ,  t h e  

e x i s t i n g  chemicaL a n a l y t i c a l  p rocedures  a r e  capab le  of measuring t h e  

t o t a l .  amount o f  Ca i n  s o l u t i o n ,  bu t  n o t  t h e  amount o f  d i s s o c i a t e d  and 

u n d i s s o c i a t e d  s p e c i e s .  

A membrane Ca e l e c t r o d e  h a s  become a v a i l a b l e  r e c e n t l y  which is 

cla imed t o  measure t h e  caft a c t i v i t y .  I n  a p r e l i m i n a r y  s t u d y ,  t h e  

e l e c t r o d e  was used t o  de te rmine  t h e  d i s s o c i a t i o n  arid s o l u b i l i t y  of 

CaS04.2H20. P o s s i b i l i t i e s  e x i s t  f o r  u s i n g  i t  w i t h  more complicated 

CaCO and s o i l - w a t e r  sys tems.  3 
PROCEDURE : 

S a t u r a t e d  s o l u t i o n s  of CaSO were p repared  by d i s s o l v i n g  4 
CaSO .2H O i n  d e i o n i z e d  d i s t i l l e d  w a t e r  and a l s o  i n  N a C l  and Ma SO 4 2 2  4 
s o l u t i o n s  of variorts  c o n c e n t r a t i o n s  up t o  0,J.g. T o t a l  Ca i n  

s o l u t i o n ,  [Ca "lT, was determined by t h e  v e r s e n a t e  method u s i n g  
2-k hydroxy-naphthol b l u e  a s  t h e  eompiexing i n d i c a t o r ,  Ca a c t i v i t y  (Ca ) 

was measured w i t h  t h e  Orion Ca membrane e l e c t r o d e  which w a s  c a l i b r a t e d  

w i t h  s t a n d a r d  C a C 1 2  s o l u t i o n s ,  s i n c e  CaCl is comple te ly  d i s s o c i a t e d .  2  
C a l i b r a t i o n  curves  o f  CaCl were run i n  w a t e r  and i n  v a r i o u s  c o n c e n t r a t i o n s  2  
o f  NaCl t o  s i m u l a t e  t h e  i o n i c  c o n d i t i o n s  a n t i c i p a t e d  f o r  t h e  CaSQ 4- 
NaCl and CaSO Na SO systems.  The EMF response  o f  t h e  Ca-elect rode 4- 2  4 
t o  Ca2' was o f  t h e  N e r n s t i a n  t y p e  between and 10-I  moles p e r  

24- l i t e r  of Ca . EMF measurements were made on a  Corning Model 12 

expanded s c a l e  MV meter  (t 0.5 mv) a t  25 - -i- 1 C .  T r i p l i c a t e  measurements 

were made f o r  each o f  t h e  i o n i c  s t r e n g t h s  used.  

With p r o p e r  c a l i b r a t i o n ,  t h e  Ca e l e c t r o d e  measures t h e  a c t i v i t y  

of t h e  ca2' i n  s o l u t i o n  and is  n o t  r e s p o n s i v e  t o  t h e  u n d i s s o c i a t e ;  

o r  complexed Ca i n  s o l u t i o n .  For a  complete ly  

s a l t ,  we have 

d i s s o c i a t e d  ca lc ium 
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where ( ) r e f e r s  t o  t h e  a c t i v i t y ,  [ 1 denotes  t h e  c o n c e n t r a t i o n ,  

and y  t h e  a c t i v i t y  c o e f f i c i e n t .  For a  p a r t i a l l y  d i s s o c i a t e d  Ca s a l t ,  

however, t h e  r e l a t i o n  must be modif ied a s  f o l l o w s :  

where a i s  t h e  de  r e e  of d i s s o c i a t i o a  of t h e  d i s s o l v e d  s a l t  and 
24- 

fCa I ,  i s  t h e  t o t a l  ca lc ium i n  s o l u t i o n  as determined by t h e  v e r s e n a t e  f 24- 
o r  e q u i v a l e n t  method. (Ca ) is  t h e  a c t i v i t y  of t h e  s a l t  i n  s o l u t i o n  

as measured by t e  Ga e l e c t r o d e ,  The p roduc t  a y  2+ can be  c a l c u l a t e d  
2-k 

Ca 
24" from e x p e r i m e n t a l l y  dekermined v a l u e s  of (Ca ) and [Ca I T ,  a and 

Yc,2+ a r e  n o t  independent  of one a n o t h e r ,  being r e l a t e d  t o  t h e  i o n i c  

s t r e n g t h  v i a  t h e  c o n c e n t r a t i o n  a f  ions i n  s o l u t i n n ,  

I n  t h e  c a l c u l a t i o n  p rocedure  n and yCa2+ were e s t i m a t e d  by an  
2  t 24- i t e r a t i v e  p rocess  from measured v a l u e s  o f  (Ca ) and [Ca ] An 

T ' 
a r b i t r a r y  v a l u e  between 0  and 1 was s e l e c t e d  f o r  y  2+, and n was Ca 
es t imated  u s i n g  e q u a t i o n  ( 2 ) .  From t h e  c a l c u l a t e d  a ,  t h e  c o n c e n t r a t i o n  

2-1- 2  4- 2-E- 
(Ca ) was determined u s i n g  t h e  r e l a t i o n  [Ca ] = a [Ca I T ;  consequen t ly ,  

t h e  i o n i c  s t r e n g t h ,  p = ~ z ?  c i /2 ,  and then t h e  a c t i v i t y  c o e f f i c i e n t ,  
I 

2 YCa2+, from t h e  r e l a t i o n  l o g  yCa2+ = - A z & / ( l  + D ai 6) were 

c a l c u l a t e d .  Prom t h e  new v a l u e  of yCa2+ a n o t h e r  v a l u e  o f  n w a s  e s t i m a t e d  

and t h e  p r o c e s s  was r e p e a t e d  u n t i l  t h e  v a l u e s  of y  24- and a remained 
Ca 

c o n s t a n t ,  

The apparen t  d i s s o c i a t i o n  c o n s t a n t  K '  was determined by t h e  D 
r e l a t i o n  

The a c t i v i t y  c o e f f i c i e n t  of t h e  u n d i s s o c i a t e d  CaSO was t aken  as 4 
u n i t y ,  I n  t h e  s u l f a t e  c o n c e n t r a t i o n ,  c o r r e c t i o n s  f o r  t h e  undis-  

s o c i a t e d  soL- a s  N ~ S O -  were made u s i n g  I 4 4 b a ~ 0 ~ -  = 0.19.  The fo rmat ion  

of WSQ- was a l s o  c o n s i d e r e d ,  b u t  under t h e  e x p e r i m e n t a l  c o n d i t i o n s  t h e  amount 4 

Annual Report of the U.S. Water Conservation Laboratory



2- of HSO- p r e s e n t  was c a l c u l a t e d  t o  be n e g l i g i b l e  compared t o  t h e  SO 
4  4 

c o n c e n t r a t i o n ,  and thus  was n o t  inc luded  i n  t h e  f i n a l  computat ion.  

The apparen t  s o l u b i l i t y  product  was c a l c u l a t e d  from 

Molar c o n c e n t r a t i o n ,  e n t r a t i o n  was used 

th roughout ,  an 

i l i t y  p roduc t  c o n s t a n t s  of 

re l i s t e d  i n  Table  3 t o g e t h e r  

i s s o c i a t i o n ,  C a  a c t i v i t i e s  and 

CaSO s o l u t i o n s  i n c l u d i n g  combinat ions  4 
of NaCl and N a  SO were a l s o  determined,  bu t  t h e  exper i inen ta l  e r r o r s  

2  4  
f o r  t h e s e  d i l u t e d  samples became l a r g e  due t o  t h e  l i m i t a t i o n s  i n  t h e  

chemical  and e l e c t r o d e  a n a l y s e s  and thus were n o t  used i n  t h e  ca lcu-  

l a t i o n  of K' The a p a r e n t  l i n e a r  and l o g a r i t h m i c  s o l u b i l i t y  p roduc t  n * 
v a r i e d  w i t h  t h e  i o n i c  s t r e n g t h  a s  ( a )  K t  = 2.50 x + 6.27 x 

S 
low6 p and (b) l o g  KA = - 4 - 6 5  + 0 ,163  p ,  r e s p e c t i v e l y .  K a t  i o n i c  s 
s t r e n g t h  of ze ro  is  (2.50 + 0.10) x co~npared t o  b of 2.45 x l o w 5  

S 
r e p o r t e d  r e c e n t l y  by Moreno and Osborne ( 6 ) .  

The apparen t  L inear  and l o g a r i t h m i c  d i s s o c i a t i o n  c o n s t a n t s  

fo l lowed t h e  r e l a t i o n  (a) R; = 5.32 x l ow3  + 4.78 x low3 p and (b)  

l o g  K; = - 2.28 4- 0 ,363  v ,  r e s p e c t i v e l y .  K a t  i n f i n i t e  d i l u t i o n  
D 

-3 
is  (5.32 - + 0.37) x l o m 3  compared t o  va lues  of 4 . 9  x 1 0  ( I )  and 

5 . 3  x (5)  o b t a i n e d  by s o l u b i l i t y  and conductometr ic  methods. 

The i r r e g u l a r i t y  of K was g r e a t e r  t h a n  t h a t  of I< because  t h e  
D S  

v a l u e s  o f  t h e  former were a c c e n t u a t e d  by t h e  use  of bo th  f a c t o r s  a 

and ( 1  - a ) ,  The s i m i l a r  K v a l u e s  ( a l s o  K ) obta ined  f o r  t h e  D S 
CaSO -H 0 ,  CaS04-NaCl and CaSO Na SO sys te i t~s  g i v e s  added conf idence  4  2  4- 2  4  
i n  t h e  C a - a c t i v i t y  measurement us ing  t h e  Ca-elect rode and t h e  

assumptions  made i n  t h e  c a l c u l a t i o n .  
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PART 1ZI. SWELLING BEHAVIOR OF SOIL MTERIALS AND CLAY MINERALS 

AND ITS RELATION TO BY DUULlC CONDUCTT V I T Y  , 

INTKOUUCTION: 

I n  a d d i t i o n  t o  t h e  d i s p e r s i v e  n a t u r e  of t h e  s o i l  and c l a y  m a t e r i a l s ,  

a l s o  be t aken  i n t o  account  when water flow 

d e r e d ,  Much t ime and e f f o r t  have been 

d r a u l i c  c o n d u c t i v i t y ,  a  

c o n s t a n t  used i n  e v a l u a t i n g  t h e  f low rate of f l u i d s ' i n  porous m a t e r i a l s .  

An impor tan t  a s p e c t  of t h e  c o n d u c t i v i t y  is i t s  r e l a t i o n  t o  t h e  a l t e r a t i o n  

of t h e  pore  dimension as a  r e s u l t  of t h e  s w e l l i n g  o f  t h e  m a t e r i a l ;  t h e  

s w e l l i n g  i n  t u r n  depends span t h e  composi t ion of t h e  su r rounding  

o r t i o n s  o f  t h i s  i n v e s t i g a t i o n  were conducted w i t h  t h e  s t a f f  

o f  t h e  U. S. S o i l s  Labora to ry  d u r i n g  t h e  incumbent ' s  ass ignment  t h e r e  

(Oct 1965 - March 19661, 

TBEORY : 

Zn t h i s  i n v e s t i g a t i o n  a d i s t i n c t i o n  is  made between t h e  pore  s p a c e  

which is e f f e c t i v e  and t h a t  which i s  i n e f f e c t i v e  w i t h  regard  t o  t h e  

macroscopic flow o f  w a t e r .  The i n e f f e c t i v e n e s s  is  assumed t o  b e  due 

t o  t h e  i n t e r a c t i o n  between w a t e r  ( s o l u t i o n )  and t h e  col.l.oida1 f r a c t i o n  

of t h e  s o i l ,  c a u s i n g  t h e  l a t t e r  t o  s w e l l .  Th i s  p r o c e s s  i m p l i e s  t h a t  

an  i n c r e a s i n g  number o f  w a t e r  molecules  is brought  under t h e  c o n s t r a i n t  

o f  t h e  e 3 . e c t r i c a l  f i e l d  f o r c e s  e x i s t i n g  i n  t h e  immediate s o i l  environ-  

ment. The theory  o f  t h e  e . L e c t r i c a l  doub le - layer  w a s  a p p l i e d  t o  

d e s c r i b e  t h e  quantitative a s p e c t s  o f  t h i s  problem. 

Using t h e  b a s i c  p o s t u l a t e s  developed ( 2 )  and i g n o r i n g  momentari ly 

t h e  i o n i c  s p e c i e s  and v a l e n c e s ,  it i s  p r e d i c t e d  t h a t  

where y i s  t h e  r a t i o  between t h e  e l e c t r i c a l  and the rmal  e n e r g i e s  

de te rmin ing  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  of c a t i o n s  and an ions  between 

adsorbed and s o l u t i o n  phase ,  x i s  t h e  d i s t a n c e  paramete r  w i t h  r e s p e c t  

t o  t h e  charged surEace,  l3 is a  c o n s t a n t  a t  c o n s t a n t  t empera tu re  

(1.06 x d5 m o l e  c m l  a t  25 C) and iC is t h e  t o t a l  molar  c o n c e n t r a t i o n  
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of c a t i o n s  and an ions  i n  t h e  adsorbed phase.  The absence of a  sub- 

s c r i p t  i n d i c a t e s  t h e i r  l o c a t i o n  anywhere i n  t h e  adsorbed phase ,  w h i l e  

t h e  s u b s c r i p t  c  i n d i c a t e s  t h e i r  l o c a t i o n  i n  t h e  boundary Layer of t h e  

adsorbed phase.  This  l a y e r  o c c u r s  e i t h e r  midway between opposing s o i l  

s u r f a c e s  i n  t h e  c a s e  o f  s a t u r a t e d  f low,  o r  at t h e  i n t e r f a c e  between 

adsorbed w a t e r  and t h e  s o i l  atmosphere i n  t h e  c a s e  of u n s a t u r a t e d  f low,  

In  e i t h e r  e a s e ,  d  /dx - 0 ,  and y yc  a t  t h e  boundary l a y e r .  Fur the r -  

more, accord ing  t o  t h e  Bol emann d i s t r i b u t i o n  e q u a t i o n ,  C' = c0eY, and 

C- = coeeY f o r  c a t i o n s  and a n i o n s  anywhere i n  t h e  adsorbed phase ,  

whereas C' -; C eYc and G; * C0eeYc f a r  t h o s e  i o n s  i n  t h e  boundary l a y e r .  
c  0 

I n  both  c a s e s  C r e f e r s  t o  t h e  i o n i c  c o n c e n t r a t i o n s  i n  t h e  e q u i l i b r i u m  
0 

s o l u t i o n .  Thus e q u a t i o n  [ l a ]  can be r e w r i t t e n  i n  t h e  f o l l o w i n g  g e n e r a l  

form : 

where 2 and b i n d i c a t e  f u n c t i o n a l  r e l a t i o n s h i p s  determined by t h e  

number of i o n  s p e c i e s  and t h e i r  v a l e n c e s .  

I n  t h e  c a s e  o f  a mixed i o n  system c o n t a i n i n g  monovalent and d i v a l e n t  

c a t i o n s  and a n i o n s ,  by i n t r o d u c i n g  N (= meq/L) i n s t e a d  o i  C f o r  t h e  
0 0 

t o t a l  s a l t  c o n c e n t r a t i o n  i n  t h e  e q u i l i b r i u m  s o l u t i o n ,  and f  f a r  t h e  

e q u i v a l e n t  f r a c t i o n  of d i v a l e n t  c a t i o n s  o r  anions  ( i . e . ,  t h e  sys tem 

i s  symmetr ic) ,  one may w r i t e :  

where u  = ey and u - eYc p e r t a i n  t o  c a t i o n s ,  and l l u  = e-Y and C 

j / u c  = e " ~  t o  a n i o n s ,  w h i l e  dy = d l n  u  = du/u. Rearranging y i e l d s :  
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A s  a polynomiaL oP t h e  4 th  d e g r e e  i n  u ,  t h e  r igh thand  term of  [ 2 b ]  i s  

an incornpleLe c l l i p t r l c  i n t e g r a l  of t h e  1st kind.  I t  can be  s o l v e d  i f  

t h e  denomiiaator can b e  f a c t o r i z e  t o  y i e l d  4 real r o o t s ,  .&n t h e  

p r e s e n t  ca se ,  h i s  i s  acccsmpliskred by in t l roducing v = (u  Jr I / u )  / 2  = 
2 

cosh y ,  so t h a t  dv = d ( u  + u>/2 = [(l - L/u )/2) d u ,  o r  du = 2dv/(J .  - 
1 / u 2 )  S u b s t i i u t L n  J , and i n t e g r a t i n g  between y , o r  v, 

eqeral l lng i n l i r z i t y  a t  a hypoishet ical  p l a n e  behiad t h e  r e a l  so i l .  s u r f a c e ,  

v, e q u a l l i n g  zc o at t h e  o u t e r  boundary of t h e  adsorbed phase ,  

i , e ,  a t  J l s t a t i c e  D from t h e  h y p o t h e t i c a l  p lane  mentioned, i t  fo l lows  

t h a t  : 

i n  which a l l  4 r o o t s  are reall, Couven t iona l ly ,  one may now w r i t e :  

where D, which h e n c e f o r t h  wiL1 be cons idered  t h e  s w e l l i n g  t h i c k n e s s ,  

is t h e  sum o f  che r e a l  d i s t a n c e  from the  s o i l  s u r f a c e  o u t  i n t o  t h e  

adsorbed phase ,  x, and from t h e  s o i l  s u r f a c e  back t o  t h e  h y p o t h e t i c a l  

p l a n e  mentioned, d ,  Tire l a t t e r ,  t h e r e f o r e ,  i s  bu t  a  c o r r e c t i o n  f a c t o r ,  

t o  be c a l c u l a t e d  accord ing  t o  Sclsofield and Tal ibudeen ( 7 ) .  By 

p r o p e r l y  combining the r o o t s ,  one a r r i v e s  a t  t h e  fo l lowing  g e n e r a l  

fo rmula t ion  f o r  p,  k, and i n  e q u a t i o n  [ h ] :  
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where p is Lhc L ~ q u ~ d  density, g is the gravitationdl constaail, 71 is 

the liqusd v i s c o s i t y ,  S 3s the surface of the soJid phase per unit 
0 

volurne o i  t h e  porous hcd  hat. is i n  contact wiLh soltrtion, k' i s  an 

empirically dekermirzed cox ta r i t  depending rnalniy on particle size and 

shape, and L is L h i  pcsrus; ty (pore fraction) of  the medium filLed 

uid, Y'he pornsziy t e r m  Lends iLself to corrccLion on account 

of swelling, 
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d w  to S W ~ ~ J  Jng-  This  r ~ i  dt L~nbllLp 1 m u l d  be v a b i  as long  as Q and 
i 

as weli as pi aid p i  ieii~la i o n  f S 1 )  do n u t  differ significantly, 
j "  i 

and  prnvidec-1 5 i s  iavaria 'ole under the cork ens es tab l i shed  by t he  
r, 

the p o r o s i t y ,  i L  fo l lows  t h a t  
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The celi was assembieci by E X L  Ling LWO sideann inserts w i t h  p lugs  

and a boCtorn i n s c r t  wi rhou t  t h e  plug onto  the main c e l l  body, Fiber-  

g l a s s  t . i i t e r  papers were rirbber-cemented t o  Llhe laces of i h e  i n s c r t s ,  

The open ing  between the m i l  bo y arid the i i ~ l ; e r i  was s e a l e d  w i ~ h  Rpiezon 

aagerrient, P e r c o l a t i o n  wiab c m t  iriucd w i b l a  t h e  most c o n c e n t r a t e d  

the soil mass a ~ x l  the: cell w a l l ,  li'ite si:lution was arlged T O  the n e x t  

i l u t e  cnncenLrat inn ed laii~ic Lhe flow rate reach a steady v a l u e ,  
-1./2 

Ln each set, the coneen a " r m  ratio mntol.es l i t e r  

was k e p i  comnsinnt, R of 0, 5, arid 25 were  used, 

through Lhc sol1 col~mirr for a p r e s c r i b e d  time ir-rLervai, By rnainEaining 

the hydraulic gradbent  c o n s t a n t ,  the hydraulic c o n d u c t i v i t i e s  a t  tbe 

various s o l u t i o r i  c o n c e n t r a t i o n s  for a igen R r:ould be i n t e r r e i a t e d ,  

one e y p i c a i  of the soil percolaLed w i t h  t h e  most c o n c e n t r a t e d  s o l u t i o n  

o f  eucb set ~xade a c c o ~ d i n g  LO equations [ S a ] ,  [ i ib j ,  o r  [ 6 c J ,  

wbiclievci d i t  L e c l  Lhe b e s t ,  

S ULTS APiD Dl s 
TIE hydraulic c o n d u c t i v i t i e s  o f  the Mason s o i l  t o r  s o l u t i o n s  o l  

60, 30, and 10 ~rte/liLcr have been related to Llie s o l u t i o n  of 1.00 me/ 
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l i t e r ,  Three s e t s  of t l ~ e s e  so.Lut.ions were used,  v i z ,  , wi t11  v a l u e s  

Eor R of 0 ,  5 ,  and 25, Observed and p r e d i c t e d  v a l u e s  f a r  t h e  r e l a t i v e  

h y d r a c ~ l i c  c o n d ~ ~ c i r i v i t i e s ,  benceforLi~  c a l l e d  PULC, ag reed  w e l l  (Table  4 ) ,  

There may be some v i r t u e  i n  r e p o r t i n g  112 d e t a i l .  on sci~ile of t h e  s t e p s  

fo l lowed  i n  t h e  t lneore t i c~ l l .  t r e a t o l e a t ,  Kiaowiag R, N (colurrm 1 ) ,  f 

( c f ,  e q u a t i o n  [ 4 1 ) ,  and assualiag v  v a l u e s  for. D were computed u s i n g  c  
h c  1 U M  $620 systcur (ca3.mrn 2)- The v a l u e  r e p o r t e d  h e r e  f o r  v  

c  
i n  c o n j u n c t i o n  w i t h  e ipia t lon L ]  , of a l l  o t h e r  combina 

e v e n t u a l l y  r e s u l t e d  i n  about 

exper imenta i  d a t  d a s  i a d i c a t e d  (colurm 3 ) .  

The a c t u a l  swell  o b t a i n e d  was comrer ted t o  t 

f r a c t i o n  secupie lying - d 

compound f a c t o r  accounting f o r  soi l  used to f i l l  t h e  

chamber, the  volume of t. p e c i f i ~  s u r f a c e  o f  t h e  

s o i l  (coLu~um 4 1 ,  ( I n  exarnlsring t a ,  i n f o r m a t i o n  on s o i l  

d e n s i t y  h t h e  El.ow bed coil id sonletLraes bc conven ien t ly  u s e d , )  The 

pore  f r a c t i o n  due co s e l l i n g  was s u b  racted from tile t o t a L  p o r e  

f r a c k i o n  i n  o r d e r  t o  f i n d  t h e  e f f e c t i v e  ores r t y  (column 5 ) .  E f f e c t i v e  

p o r o s i t i e s  were re laLed  to t h e  one p e r t a i r t i u g  Lo Lhe s o i L  t r e a t e d  w i t h  

t h e  mos t c o n c e n t r a t e d  so  uLion of Lhe s e t  (colunu~ h), and t h e  r e s u l t i n g  

v a l u e s  were cons idered  Lo r e p r e s e n t  KIIC, 

'This aPpruacll,  a d m i t t e d l y ,  i s  empirical .  t u  t h e  e x t e n t  t h a t  one has  

t o  a r r i v e  by t r i a l  and e r r o r  a t  v a l u e s  f o r  v  and f o r  t h e  power f u n c t i o n  
c 

o f  t h e  e f f e c t i v e  p o r o s i t y ,  t h a t  g i v e  bestaagreernent between theory and 

exper iment ,  The elmice 01 v  de te rmines  t h e  degree  to which  t h e  u e c r c a s e  
C 

i n  c o n c e n t r a t i o n  of t h e  percolarr t  i s  expressed  by an i n c r e a s e  i n  

s w e l l i n g .  The i o n i c  coanyosL.tiun i n  each Lns t a m e  is t h e  independent  

v a r i a b l e ,  and t h e  s w e l l i n g  d i s f  ance is t h e  dependent one, A s  the  swel- 

ling i s  r e s t r i c t e d  by p h y s i c a l  confrlnernrnt clue t o  s o i l  s t r u c t u r e ,  t h e  

v a l u e  of vc chosen a c t u a l l y  r e p r e s e n t s  a  complex of i n t e r a c t i n g  c o n d i t i o n s  

which a r e  d i f l i c u l t  t o  a s s e s s  irrrd.ividually, S e l e c t i n g  a v a l u e  f o r  v  
c  

i m p l i e s  c o n s i d e r i n g  t h e  e f f e c t  o l  c o n c e n t r a t i o n  changes w i t h i n  each s e t  

Annual Report of the U.S. Water Conservation Laboratory



of  s o d u t i o n s  ol: c o n s t a n t  12 a s  beiizg f u l l y  compensated f o r  by changes 

i n  s w e l l i n g  r a t h e r  than by changes i n  t h e  d i s t r i b u t i o n  f a c t o r  y  . 
C 

Obviousdy , t h i s  is alil extreme assurn i c h  i s  o n l y  m i t i g a t e d  by 

t h e  freedom of ce l ece ing  the v a l u e  ewer f u n c t i o n  sf t h e  r e l a t i v e  

y w l t h h  the ra  e I -- 3 ,  T l r h  c o u r s e  of a c t i a n  is deemed b e t t e r ,  

centration chan 

sibLe swelLing, The l a t t e r ,  

whether  one c o n s i d e r s  t h e  chan o s i t y  due t o  s w e l l i n g  t o  b e  

accompanied predominantly by a 

a change i.zr t h e  s i z e  of t h e  ores, Where s w e l l i n g  a f f e c t s  pore  

d e n s i t y ,  one cou ld  v i s u a l i z e  a r a t h e r  wide range of  s i z e s ,  t h e  

s m a l l e r  ones of  wh2.ch are e f f e  ed by s w e l l i n g ,  t h u s  

of  a lather small ran e of  p o r e  s i z e u ,  Thus, all p o r e s  a r e  about  e q u a l l y  

vulnerabLc t o  the e f f e c t s  of  sweLLing, y e t  l e a v e  t h e  s u r f a c e  a r e a  

i n  c o n t a c t  w i t h  s o l u t i o n  r e l a t i v e L y  ranaffected,  The former c a s e  seems 

t o  p r e v a i l  i n  t h e  case o f  t h e  Mason s o i l ,  

The p r e s e n t  use  of  a  s o l u t i o n  w i t h  R = 0 t o g e t h e r  w i t h  t h o s e  

t y p i f i e d  by R - 5 and R = 25  a f f o r d s  t h e  o p p o r t u n i t y  t o  c o n s i d e r  a 

m a t t e r  of i o n  d i s t r i b u t i o n  i n  t h e  adsorbed phase .  By d e f i n i t i o n ,  

v  = cash y = (uc 4- ~ . / L I ~ )  12.  Because3 i n  t h e  R = 0 c a s e ,  t h e  b e s t  
C c  

f i t  w a s  o b t a i n e d  w i t h  v - L , O I  ( u s i n g  t h e  s i n g l e  power of  e f f e c t i v e  
C 

p o r o s i t y ) ,  i t  f o l l o w s  t h a t  u  = 5  For t h e  same s o i l  s a t u r a t e d  
C 

w i t h  rnonovaIberat c a  i o n s ,  t h e r e f o r e ,  u would be  ( 1 m 1 5 ) 2  o r  1 .32 .  
C 

Ln t h a t  case, v a~nomts To L - 0 4 ,  The b e s t  f i t  i n  t h e  c a s e s  of 
c  

R = 5  and K = 25, w h i c h  do not  by any means cor respond  with Na- 

s a t u r a t e d  s o i l ,  was obta.ined u s i n g  -17 = l , 2 5  and 1 , 1 0 ,  r e s p e c t i v e l y ,  
C 
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w e l l  in excess  oC v = X,04, The s w e l l i n g  appeared t o  be g r e a t e r ,  c  
t h e r e f o r e ,  than p r e d i c t e d  on t h e  b a s i s  of t h a t  c h a r a c t e r i s t i c  of a  

Ca-satura ted s o i l ,  'the t h e o r y ,  t o  be c o n s i s t e n t ,  thus  would l e a d  

t o  t h e  i n t e r p r e t a t i o n  t h a t  Na and Ca a r e  he te rogeneous ly  d i s t r i b u t e d ,  

i n  that more Na ions a r e  adsorbed on s u r f a c e s  involved i n  s w e l l i n g  

t h a n  a  uniform d i s t r i b  

The co~.rd"bion sf f l o c c u l a t f o n  OT def l o ~ c u 1 . a t i o n  of s o i l  m a t e r i a l s  

m i n e r a l s  was detetinined whe ey  were exposed t o  d i f f e r e n t  

electrolyte cnszdit iot ts ,  Zones of f l o c c u l a t i o n  md defLwcculat ion could  

be  es tab lLshed  by r e l a t i n g  t h e  de f loccu la t i on - - f l occu l3 t ion  b e h a v i o r  

and t h e  e l e c t r o l y t e  c o n c e n t r a t i o n ,  

The k a o l i n i t l e ,  montm i c ,  and i l l i t i c  c l a y  m i n e r a l s  behaved 

s i m i l a r l y  t o  one s ,  howover, behaved d i f -  

2.60 from t h e  c l a y  m i n e r a l s ,  For t h e  salne 

t o t a l  e l e c t r o l y t e  c o n c e n t r a t i o n ,  a h i g h e r  S value was r e q u i r e d  t o  

d i s p e r s e  t h e  s o i l  rrrater a 1  i n  a  NaCi--Cam systein than  i n  a NaCl-MgC12 2 
system; o r  r e s t a t e d  i n  terms of  f l .occu la t ion ,  t h e  Ca i o n  is  b e t t e r  

than. t h e  Mg i o n  a s  a f l o c c u l a t i n g  c a t i o n .  

A calc ium membrane e l e c t r o d e  was used t o  measure t h e  c l i s s o c i a t i o n  

and s o l t i b i l i t y  c o n s t a n t s  of CaSO 2H20, which were 5.32 j-+- 0.37 x 4 "  
and 2.50 0.10 x and compared favorab ly  w i t h  t h o s e  r e p o r t e d  i n  

t h e  L i t e r a t u r e  u s i n g  o  h e r  independent  t e c h n i q u e s ,  The good agree-  

ment o b t a i n e d  i n d i c a t e s  t h a t  Ca a c t i v i t y  measurement w i t h  t h e  membrane 

e l e c t r o d e  is  r e l i a b l e ,  p a r t i c u l a r l y  when t h e  composi t ion of t h e  a s s o c i a t e d  

i o n s  i n  s o l r r ~ i o n  i s  adequa te ly  d e f i n e d ,  

The s w e l l i n g  of s o 1 1  m a t e r i a l s  was computed a s  a f u n c t i o n  of 

e l e c t r o l y t e  conrposition from t h e  d i f f u s e d  double- layer  theory .  Using 

t h e  I<ozeaie-Carman e q u a t i o n  f o r  f low i n  porous media, t h e  p o r o s i t y  

f a c t o r  was c o r r e c t e d  f o r  s w e l l i n g ,  S a t i s f a c t o r y  agreement w a s  o b t a i n e d  

between t h e  t h e o r e t i c a l  and exper imenta l  d a t a ,  

PERSONNEL: F, S ,  Nakayama 
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Table l .  Physical  and chemical ana lyses  of s o i l  m a t e r i a l s .  

i. g Mason House Pachappa Nagers town 
Lake Noun t a i n  

---- --- 

Clay, % 44*7 1 7  & 7  18.5 

si1t, % 3 8 , 4  36.8 47,4 4 2 , 1  66.7 

Sand, % 23-8 15,2 8,O 40.2 14.8 

pH (paste .53 6,4 7,4% 7 #55 5.84 

12, 20,2 4 0 - 3  9.16 5 .23  

5,  8 L6,6 7 -1 1.19 1,36 

0,26 O , l 1  Oe32 0.26 1+80  

0,45 0 , 4 1  2 ,61  0.43 8,19 

rganic  matter, % 0.31 2,32 1 ,  32 1,45 2.18 

CaCO equ iv , ,  % 
3 

0.97 0,94 2.40 0,53 0.17 

- 
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Table 2 ,  Comparison of amount s o i l  i n  suspension after s a l t  t rea tment  and p r e d i c t a b l e  suspension 

s t a t u s ,  

S o i l  and t reatment  SPR Electrolyte P i p e t t e  a n a l y s i s  Predicred suspension 
32 meq/lOO g conc , ,  meq/L < 2g, X s t a t u s  from Figure  3 

B i g  Lake NaCl 

Mas ozl NaC 1 

Pachappa Mac1 

loccu laced  

De5loccu3.a t e d  

F loccu la t ed  

F koccula t ed 

D e f  loecu l a t e d  

F loccu la t ed  

D e f  l occu la t ed  

Def loccu la t  ed 

D e f  loccula  ted 
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TabSe 3 ,  D i s s o c i a t i o n  and s o l u b i l i t y  product  c o n s t a n t s  of CaSO 
4 

a t  v a r i o u s  s o l u t i o n  composi t ions  . 

Satd .  CaSO 
4  

S a t d .  CaSO 
4 

a 0 . 0 0 1  g NaC1 

S a t d .  CaSO 4 
9 0.01 M NaGl 

S a t d ,  CaSO 4 
J- 0,025 M NaC1 

S a t d ,  GaS04 

-1- 0.050 M N a C 1  

S a t d ,  CaSO 
4 

J- 0,075 M NaC1 

S a t d ,  CaS04 

-1- 0 , 1  2 NaCl 

Sa td .  CaS04 

+ 0.001 P.I Na2S04 

S a t d ,  CaS04 

-t 0 . 0 1  g Na2S04 

S a t d .  CaS04 

-1- 0.025 Na SO4 
2 

S a t d .  CaSO 
4  

-C 0,050 g Na2S04 
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Table 4 .  Measured and p red i c t ed  va lues  of t he  r e l a t i v e  hyd rau l i c  
2 c o n d u c t i v i t i e s  of t h e  Mason c l ay  loam (102 m /g ,  0.567 

me/&. 

-----. - 
N I) D - d  E 't' E - E~~ ---------------.- RElC ~ 

0 0 

me/l A A Theor. E x p t l ,  Ra t io  

Legend: N = t o t a l  e l e c t r o l y t e  concen t r a t i on  i n  m e / l i t e r ,  D = swel l ing  

t h i cknes s  from hypo the t i ca l  p lane  of i n f i n i t e  p o t e n t i a l ,  D - d  = 

swe l l i ng  t h i cknes s  from r e a l  s u r f a c e ,  both i n  Angstroms, ~ 2 k  = pore 

f r a c t i o n  occupied by swe l l i ng  volume, E - ~ 7 k  = pore  f r a c t i o n  e f f e c t i v e  

f o r  flow, EJ3C = r e l a t i v e  hyd rau l i c  conduc t iv i t y ,  p  = power func t ion  

of the e f f e c t i v e  po ros i t y .  R = N a /  d z ,  concent ra t ions  i n  mi l l imo le s /  

l i t e r ,  
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F i g u r e  I .  Coniparisoli of p i p e t t e  and v i s u a l  methods [or  

d e t e r m i n i n g  tile di .spersed s t a t e  of s o i l  s u s p e n s i o n s .  
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F i g u r e  2 .  Def l o c c u l a t e d - f  l o c c u l a t e d  s t a t e s  of  c l a y  m i n e r a l s  a s  

r e l a t e d  t o  S A R  and e l e c t r o l y t e  c o n c e n t r a t i o n .  
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Deilocculrted- fiocc~.:lated s  taces oi soi i i l a t e r i a l s  as  relaced L O  SAR and e l e c t r o l y i e  

c o n c e n t r a t i o n .  
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,Figure 4. Deilocculated-flocculated states of Mason soil as relaced to 

the Ca-Mg-Ma status and e l e c t r o l y t e  concentration. 
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TITLE: MATERIALS AND METHODS FOR WATER HARVESTING AND WATER STORAGE 

IN. THE STATE OF %WAX1 

LINE PROJECT: SWC 111-gG3 CODE NO,: Ariz.-WCL-42 

INTRODUCTION: 

Water harvesting in the State of Bawaii is highly feasible, but 

due to lack of information concerning design criteria and materials 

specifications suited to Hawaiian conditions, the maximum benefits 

of this source of water are not being fully realized, For preliminary 

investigation of the problems, two experimental water harvesting 

structures were installed in Hawaii in June 1966. One installation 

is an operational catchment and storage reservoir combination on the 

Island of Hawaii. The other installation is a four-plot test unit 

on the Island of Maui, These structures permit evaluation of instal- 

lation procedures and provide weathering and runoff data from various 

treatments and materials under high-rainfall climatic conditions. 

PROCEDURE : 

Kukaiau catchment, This catchment, on the Island of Hawaii in 
2 a 100-inch rainfall zone, consists of a 10,225 ft catchment and a 

750,000-gal storage reservoir. The installation was a cooperative 

effort by Kukaiau Ranch, Wisdom International Rubber Company, Soil. 

Conservation Service, and the U. S. Water Conservation Laboratory. 

Materials were furnished by Dow Chemical Company, Wisdom Rubber 

Company, and DuPont de Nemours Company. 

The grass and brush in the reservoir and catchment areas was 

removed with a bulldozer and the soil surface hand raked to remove 

all loose rocks, After raking, the entire area was compacted smooth 

with 4-wheel drive vehicles. Rocks which were too big to remove 

were rounded with a sledge hammer and covered with a 1-inch layer of 

soil. The area was then sprayed with soil sterilant, a combination 

of Dowpon, Karmex, and 2-40. The reservoir was lined with a 30-mil- 

thick experimental Nordel rubber sheeting supplied by DuPont Company. 

The sheeting, supplied in rolls 13 112 ft wide and lengths up to 

170 ft long, was field seamed together with 4-inch wide lap joints. 
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The catchment was covered wi th  20-mil-thick modified, b l ack  poly- 

e thylene  furn ished  by Dow Chemical Company. The ma te r i a l ,  suppl ied  

i n  r o l l s  54 inches wide, was so lven t  welded toge ther  wi th  3-inch 

l ap  j o i n t s ,  The lower edge of t h e  catchment shee t ing  was bonded 

d i r e c t l y  t o  t h e  r e s e r v o i r  l i n i n g  wi th  b u t y l  tape .  A 6-inch 

c a p a c i t y  raingage was i n s t a l l e d  a t  t he  s i t e  and arrangements made 

f o r  i n s t a l l a t i o n  of a 20-inch capac i ty  gage a t  a l a t e r  d a t e .  The 

e n t i r e  a r e a  was fenced wi th  f i v e  rows of  barbed wire  and a 5 f t  high 

woven wire.  

Maui catchments. This i n s t a l l a t i o n  on the  I s l and  of Maui i s  i n  

an 80-inch r a i n f a l l  zone and c o n s i s t s  of four  t e s t  p l o t s  40 x 80 f t  

on a 5 percent  s lope .  The i n s t a l l a t i o n  was a coopera t ive  e f f o r t  by 

Eas t  Maui I r r i g a t i o n  D i s t r i c t ,  Hawaiian Commercial and Sugar Company, 

Wisdom I n t e r n a t i o n a l  Rubber Company, S o i l  Conservation Service,  and 

the  U. S. Water Conservation Laboratory. Mater ia l s  f o r  t he  i n s t a l -  

l a t i o n  were fu rn i shed  by DuPont Company, Wisdom I n t e r n a t i o n a l  Rubber 

Company, Hodgeman Rubber Company, and the  U. S. Water Conservation 

Laboratory. 

P l o t s  1, 2, and 3 were rough shaped t o  the  des i r ed  s lope  and 

berms pushed i n t o  p l ace  wi th  a bul ldozer .  F i n a l  shaping of t h e  berms 

was done by hand. On p l o t s  1 and 2 t h e  s o i l  s u r f a c e  was hand raked 

smooth and compacted wi th  4-wheel d r i v e  veh ic l e s .  P lo t  3 was smoothed 

b u t  no t  compacted. The t h r e e  p l o t s  were then  sprayed wi th  a s o i l  

s t e r i l a n t  (DuPont DCMU). 

P l o t  No. 1 was covered wi th  a 20-mil-thick Hypalon 45 shee t ing  

furn ished  by DuPont. The ma te r i a l ,  f u rn i shed  i n  54-inch width r o l l s ,  

was f i e l d  seamed wi th  3-inch l ap  j o i n t s .  The laps  o r i g i n a l l y  were 

t o  be so lvent  welded, b u t  t h e  m a t e r i a l  had undergone p a r t i a l  s e l f -  

vu lcan iz ing  and would no t  bond proper ly .  It was necessary  t o  s e a l  

t h e  laps  with a b u t y l  cement adhesive.  

P l o t  No. 2 was covered wi th  a 20-mil co t ton- re inforced  b u t y l  

shee t ing  furn ished  by Hodgeman Rubber Company. The shee t ing ,  

suppl ied  i n  r o l l s  54 inches wide, was bonded t o  t h e  s o i l  with SS-1 
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- 2 
a s p h a l t  emulsion app l i ed  a t  a r a t e  of 0 ,3-gal  emulsion yd The 

a s p h a l t  was sprayed on i n  a s t r i p  LO f t  wide, then  the  b u t y l  un ro l l ed  

and pressed i n t o  p l ace  with a foam covered r o l l e r .  The l ap  j o i n t s  were 

then sea led  wi th  a b u t y l  cement adhesive,  

P l o t  No. 3 was t r e a t e d  wi th  the  two-phase a spha l t  a p p l i c a t i o n .  

Laboratory s t u d i e s  wi th  s o i l  from the s i t e  had ind ica t ed  a s a t i s f a c t o r y  

pavement could be obta ined  wi th  RC-250 cutback a spha l t  a s  a s o i l  s t a b i -  

l i z e r  wi th  an a s p h a l t  emulsion s e a l c o a t ,  The spray  equipment a v a i l a b l e  

d id  n o t  have equipment f o r  h e a t i n g  the  a spha l t ,  t he re fo re ,  we could not  

spray the  RC-250 which r e q u i r e s  hea t ing  t o  2 0 0 ~ ~ .  It was decided t o  use  

an MC-800 cutback a s p h a l t  which was a v a i l a b l e  i n  heated tanks and would 

no t  r e q u i r e  a d d i t i o n a l  hea t ing .  Laboratory s t u d i e s  had shown the  MC-800 

would a l s o  s t a b i l i z e  the  s o i l ,  b u t  would no t  cu re  a s  f a s t  a s  the  RC-250. 

P r i o r  t o  spraying,  t he  p l o t  was smoothed us ing  t h e  backs of rakes which 

formed an aggregated s o i l  s t r u c t u r e  t h a t  would al low the  a spha l t  t o  pene- 

t r a t e ,  The a s p h a l t  was sprayed on t h e  p l o t  a t  a r a t e  of 1.40-gal of 
-2 0 

cutback yd a t  a temperature of 180 F. Arrangements were made f o r  

a p p l i c a t i o n  of a s e a l c o a t  a f t e r  t h e  basecoat  had cured. On 3 October 

1966 a s e a l c o a t  of SS-1 a s p h a l t  emulsion was appl ied  a t  a r a t e  of 0.7- 
- 2 

g a l  emulsion yd . 
P l o t  No. 4 i s  an undis turbed  su r f ace  which has a good cover of g r a s s .  

The s o i l  su r f ace  i s  very  rough and i r r e g u l a r  around clumps of grass  w i th in  

t h e  a rea .  S o i l  berms were pushed up around the  p l o t  from the  ou t s ide .  

The ins t rumenta t ion  a t  t he  s i t e  c o n s i s t s  of one, 12-inch capac i ty  - 
8-day weighing raingage and water measuring flumes with recorders  on p l o t s  

1, 2, and 3. The flumes a r e  a p r e c a l i b r a t e d  V-notch c r i t i c a l  depth type 

wi th  capac i ty  range of 0.01 t o  10 c f s .  They a r e  equipped with 24-hour 

water  s t a g e  r eco rde r s  which s t a r t  au tomat ica l ly  a s  water flows through 

t h e  flume and s tops  when flow ceases .  I n i t i a l l y ,  the  flumes were' in -  

s t a l l e d  only on p l o t s  3 and 4. A t h i r d  flume was i n s t a l l e d  on p l o t  2 i n  

December 1966. The flume on p l o t  4 i s  fenced s o  c a t t l e  may graze the  a r e a .  

RESULTS AND DISCUSSION: 

The i n s t a l l a t i o n s  a t  both s i t e s  were inspec ted  i n  December 1966. The 

r e s e r v o i r  a t  Kukaiau was approximately th ree - fou r ths  f u l l ,  bu t  t he  r a i n f a l l  
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i n  the  a r e a  had been q u i t e  low i n  October and November. The only 

v i s i b l e  damage t o  t h e  i n s t a l l a t i o n  was a blade of g ra s s  growing 

through the  catchment shee t ing  i n  one corner .  A l a t e r  r e p o r t  a t  t h e  

end of December from t h e  manager of Kukaiau Ranch s t a t e d  the  

r e s e r v o i r  had f i l l e d  and was overflowing by 30 December 1966, 

The p l o t s  a t  the  Maui s i t e  were considered i n  e x c e l l e n t  condi- 

t i o n  when inspec ted  i n  December. P l o t s  1 and 2 showed no s igns  of 

d e t e r i o r a t i o n .  Some g ra s s  was s t a r t i n g  t o  grow through the  a s p h a l t  

on p l o t  3. Again, t h i s  was be l ieved  a r e s u l t  of poor s o i l  s ~ e r i l i z a -  

t i o n ,  The a s p h a l t  s e a l c o a t  appeared good, bu t  t h e r e  was a sponginess 

i n  t he  basecoat .  

The runoff d a t a  c o l l e c t e d  from the  p l o t s  was not  complete f o r  

t h e  year.  Problems were encountered with the  c locks  on the  recorders  

f a i l i n g  t o  s t a r t  when water  s t a r t e d  flowing through the  flume. We 

a r e  i n v e s t i g a t i n g  va r ious  methods of i n su r ing  t h a t  the  c locks  w i l l  

s t a r t  each time, 

SUMMARY AND CONCLUSIONS : 

Water ha rves t ing  i n  Hawaii t o  supplement e x i s t i n g  water  supp l i e s  

i s  h ighly  f e a s i b l e  and badly needed. The p re sen t  b igges t  d e t e r e n t  

from l a rge  s c a l e  u s e  i s  a l ack  of information concerning des ign  

c r i t e r i a  and m a t e r i a l s  s p e c i f i c a t i o n s  s u i t e d  f o r  Hawaiian cond i t i ons .  

For a pre l iminary  eva lua t ion ,  two experimental  water  h a r v e s t i n g  

s t r u c t u r e s  were i n s t a l l e d  i n  Hawaii i n  June 1966. One i s  an ope ra t iona l  

catchment and s t o r a g e  r e s e r v o i r  combination on t h e  I s l and  of Hawaii. 

The o the r  i s  a fou r  p l o t  t e s t  u n i t  of p l a s t i c  shee t ings  and a s p h a l t  

t rea tments  on t h e  I s l a n d  of Maui. Runoff from t h r e e  of t h e  Maui p l o t s  

i s  being recorded wi th  water  s t a g e  recorders  on c a l i b r a t e d  flumes. 

Runoff from the  va r ious  t rea tments  w i l l  be  compared t o  t he  r a i n f a l l  

a s  measured wi th  a record ing  raingage.  The i n s t a l l a t i o n s  were con- 

s ide red  i n  good cond i t i on  when inspec ted  December 1966. Analysis  

of t h e  da t a  w i l l  b e  s t a r t e d  i n  t h e  nea r  f u t u r e .  

PERSONNEL: L. E. Myers, G. W ,  F r a s i e r  
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o r  since 
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Thus, f o r  P t o  remain cons tan t  f o r  a cons tan t  va lue  of Q,  i t  i s  
d  

necessary  t h a t  

Ab - 
2 = k,  a  Constant 

Ac 

m a t e v e r  i t s  f i n a l  shape, t h e  area of t he  b lade  can be descr ibed as 

a func t ion  of t h e  b lade  width, b, and t h e  d i s t a n c e  from t h e  channel 

bottom? Y )  

t ak ing  t h e  d e r i v a t i v e  of equat ion  [ 51 with  r e s p e c t  t o  y, 

bu t ,  dAc/dy = Tc, t h e  top width of t he  channel a t  t h e  depth y i n  

ques t ion ,  so  t h a t  f o r  any channel geometry 

Thus, t he .wid th  of t h e  blade i s  p ropor t iona l  t o  t h e  a r e a  of t h e  channel 

below t h e  depth,  y, i n  ques t ion  times the  top width f o r  t h e  same depth.  

S U CONCLUSIONS: 

Two models of a  f l u i d - v e l o c i t y  i n d i c a t i n g  device  have been con- 

s t r u c t e d  and t e s t e d  i n  l abo ra to ry  channels .  The meter i s  of t h e  fo rce -  

d e f l e c t i o n  type  and uses  a r ec t angu la r  blade placed i n t o  t h e  flowing 

stream. The t o t a l  f o r c e  exer ted  on the  1-inch wide b lade  by the  v e l o c i t y  

p r o f i l e  r e g i s t e r s  a s  a  torque about  a hinged edge of t h e  blade.  

Tes t s  made us ing  t h e  improved model were inconclus ive  because 

s t eady  flow r a t e s  without wide f l u c t u a t i o n  i n  t h e  c u r r e n t  p a t t e r n s  were 

no t  achieved,  Remedial work has been completed on t h e  channel en t rance  

s e c t i o n  and flow b a f f l i n g  devices  i n  o rde r  t o  s t a b i l i z e  t h e  flow 
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cond i t i ons .  Addi t iona l  tesLing has not been completed on the  modified 

flow system. 

Theore t i ca l  a n a l y s i s  i n d i c a t e s  t h a t ,  with proper blade shape, 

the  m t e r  can be extended t o  i n d i c a t e  d i r e c t  d i scharge  i n  any p r i sma t i c  

channel independent of depth of flow. Shapes f o r  r ec t angu la r ,  t r i -  

angular ,  t r apezo ida l ,  pa rabo l i c ,  and c i r c u l a r  channels have been c a l -  

cu l a t ed ,  bu t  none have been cons t ruc ted  f o r  t e s t i n g  a s  y e t .  

(1) Robinson, 

1963. Evaluat ion of t h e  vane-type flow meter.  Agric .  

Engin, 44 :374-375 .  

ERSOWEL: 3 ,  A. Replogle 
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Table 1. Comparison of average v e l o c i t i e s  determined with a  p i t o t  

tube and wi th  i n t e g r a t i n g  v e l o c i t y - p r o f i l e  meter number 2 .  

- 
Test  Flow Average v e l o c i t y ,  y A; 

no. depth P i t o t  Vane 

Y tube meter 

( f t >  ( f t  / sec)  ( f t / s e c )  (%I 
0.757 1,668 1. SO2 3.96 
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'l'L'lcl,R : KXl'ETI I.IVLENTPA AND AHAItY1'II:AI z STUDSISS OF THE Fl8OW AND OXVGllN 

IUXLMES IN S 015 SNTE:RMST1'EN'l'L.Y LNIJNI)A'J'E!I) W ST11 1 ,OW QUAL I.TY 

WAl'Et-2. 

L I N E  RtOJECT. SWC LV gG% CODE NO. : Ariz ,  - W C I 2 4 4  

lNTT\ODUCTZON : 

I'he o b j e c t i v r  o f  tl2.i.s p r o j e c t  i s  L O  deve lop  a  t h c o r c t i c n l  

founda t ion  f o r  t h c  schedu l ing  o l' i n t c l r m i t t e n t  i n u n c l a t i o ~ ~  of' r echarge  

b a s i n s  w i t h  low q u a l i t y  w a t e r ,  Tha p r o j e c t  w i l l  be conducted w i t h  

s p c c i a i  r e  Screncc t o  Irhe expcrCmentn1 recharge  f a c i l i  ty  i n  t h e  S a l t  

Ri-vcr bed about 1. m i l e  west. ul '  %st Avenue ( P r o j e c t  Ffusliing Mcnciows). 

It i s  expected, howevcr, t h a t  t h e  me~hodology w i l l .  be s u f f i c i e n t l y  

g e n e r a l  t o  permit  e x t e n s i o n  o l  t h e  p r i n c i p l e s  t o  f a c i l i t i e s  w i t h  

o t h e r  c o n d i t i o n s  o f  s o j l ,  w a t e r  t a b l e ,  and r e c h a r g e  w a t e r ,  Tlzc 

i n i t i a l  o b j e c t i v e s  o f  t h e  p r o j e c t  a r e :  

a ,  Design and c o n s t r u c t i o n  o f  column t r a v e r s i n g  equipment ancl 

a s s o c i a t e d  e l e c t r o n i c  ins t rumentn  t i o n  f o r  n o n - d e s t r u c t i v e ,  simui - 
taneous  measurement o f  w a t e r  c o n t e n t ,  p r e s s u r e  head and pore a i r  

p r e s s u r e  i n  l a b o r a t o r y  columns o f  porous m a t e r i a l s ,  

b ,  Use o f  t h i s  equipment f o r  t h e  measurement under dynamic 

c o n d i t i o n s  of t h e  h y d r a u l i c  c lzarackcr is  t i c s  o f  porous m a t e r i a l s ,  

c ,  Laboratory  measurement o f  t h e  w a t e r  c o n t e n t  and p r e s s u r e  

head changes o c c u r r i n g  i n  s o i l s  columns under i n t e r m i t t e n t  

i n u n d a t i o n s .  

d ,  Development o l  numerical  s o l u t i o n s  o f  t h e  f low problems 

under c ,  us ing  a d i g i t a l  conlputer, and t h e  comparison o f  t h e  computed 

p r o f i l e s  w i t h  those  e x p e r i m e n t a l l y  o b t a i n e d .  

The above t echn iques  f o r  measuring u n s a t u r a t e d  h y d r a u l i c  conduc- 

t i v i t y  and wate r  c o n t e n t  c h a r a c t e r i s t i c s  o f  s o i l  and f o r  numer ica l  

s o l u t i o n  of v e r t i c a l  d r a i n a g e  and i n f i l t r a t i o n  sys tems w i l l  be used 

t o  develop t h e o r e t i c a l  schedu les  f o r  i n t e r m i t t e n t  inunda t ion  o f  low 

q u a l i t y  wa te r  f o r  ground w a t e r  r e c h a r g e  under v a r i o u s  s o i l  and wate r  

t a b l e  c o n d i t i o n s ,  Inunda t ions  and d ry  -ups shou ld  be r o t a c e d  such  

t h a t  maximum r e c h a r g e  p e r  u n i t  a r e a  i s  o b t a i n e d  w h i l e  a l l o w i n g  
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s u f f i c i e n t  dry-up t ime t o  pel-mi t- a s u f  i i c i r n t  amount of a i r  t o  c lnter  

the s o i l  t o  s a t i s f y  t h e  oxygen demand o f  t h e  i n f i l t r a t e c l  w a t e r ,  

mOGEJ3URE : 

.I, consLruct  ion  o f  column j-11s t r u m e n t a t i o n ,  A 1 a r g c  

d r i l l  p r e s s  assernbly w i t h  a movable Lable was used For t h e  v e r t i c a l  

t r a v e r s i n g  o f  t h e  columns, The column o f  t h e  d r i l l  p r e s s  was machined 

t o  g i v e  a sha l low l o n g i t u d i n a l  s l o t  Lo house s e v e r a l  l e n g t h s  o f  r a c k  

which permi t t ed  t h e  t r a v e r s i n g  o f  t h e  t a b l e  o v e r  t h e  e n t i r e  column 

l e n g t h ,  The t a b l e  was c u t  t o  form a  yoke f o r  c l e a r a n c e  around t h e  

s o i l  coLuma, The ga  a s o u r c e  (100 mc C S ] ' ~ ~ )  and d e t e c t o r  a long  w i t h  

t h e  l e a d  shle ldi -ng and c o l l i m a t o r s  were mounted on t h e  t a b l e ,  which 

was counterweighted,  The g a m a  s o u r c e  and d e t e c t o r  were c o l l i m a t e d  

by two s l i t s  0 ,2  crn h i g h  and 2 , 0  cm wide,  The e l e c t r o n i c  equipment 

f o r  t h e  measuring o f  t h e  g a m a  r a d i a t i o n  was o f  s t a n d a r d  make, The 

d e t e c t o r  was a  Baird tomic S c i n t i l l a t i o n  Probe Model 815 GL, It was 

powered by a  Baird  Atomic Power Supply Model 3l2A. The s i g n a l  was 

fed i n t o  a  Baird Atomic non-overloading Ampl i f i e r  Model 215, A f t e r  

a m p l i f i c a t i o n ,  t h e  s i g n a l  e n t e r e d  a  Baird Atomic S i n g l e  Channel Pu l se  

Height Analyzer Hodel 510, The p u l s e  r a t e  was counted by a  Baird 

Atomic High Speed S c a l e r  Model 134 w i t h  a  Bakrd Atomic P r e c i s i o n  

Timer Model 630, I n  a d d i t i o n ,  a  Nuclear Chicago Ratemeter Model 8733 

connected t o  a  Leeds & Northrup speedomax-W r e c o r d e r  was used ,  

To measure t h e  w a t e r  c o n t e n t  o f  t h e  s o i l  i n  a c y l i n d r i c a l  p l a s t i c  

column by t h e  gamma a t t e n u a t i o n  method, i t  was necessa ry  t o  s p e c i a l l y  

machine t h e  i n s i d e  and o u t s i d e  of t h e  5" O,D, p l a s t i c  c y l i n d e r  on 

d i a m e t r i c a l  f a c e s  t o  g i v e  a  uniform s o i l  and column-wall t h i c k n e s s  

over  t h e  f u l l  c o l l i m a t i o n  wid th ,  S o i l  columns up t o  180 ctn i n  l e n g t h  

can be accommodated and a c c e s s  p o r t s  a r e  a v a i l a b l e  a t  I-cm v e r e i c a l  

i n t e r v a l s ,  A Statham b i - d i r e c t i o n a l  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r ,  

t y p e  PM-I.31-TC was used a s  t h e  p r e s s u r e  s e n s o r ,  The s i g n a l  was Eed 

from i t  i n t o  a  Lecds Si Northrup S t r a i n  Gage module and recorded  by a  

Leeds E* Northrup "H" Azar r e c o r d e r ,  By j o i n i n g  two mul . t ip lc -por t  

s e l e c t o r  v a l v e s  i n  p a r a l l e l ,  i t  was p o s s i b l e  t o  r a p i d l y  s c a n  t h e  

p r e s s u r e  a t  22 t e n s i o m e t e r  p o i n t s ,  
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2, -- e f Cec t s  i n  the tens i o n i e x  

a The ex i s t ence  of some i n s t a b i l i t y  i n  the pressure  record was 

t raced  t o  a tempera twe eflectJ on t he  nylon hydraul ic  pressure  l e a d s ,  

A mathematical model expla in ing  t h i s  ef  l e c t ,  which incl.uded d i  Cfus ion  

through tlre tube wal.ls, was developed, Predic t ions  were then made of' 

p ressure  amplitudes and phase s h i f t s  as  observed experimentaLly , The 

experiment was c a r r i e d  out  Ln a controllecl temperature room where an 

almost per f e c  s i n u s o i d a l  temperature v a r i a t i o n  appeared t o  occur ,  

The teniperatrtre was monitored by a rap id  response thermis tor  connected 

t o  8 po ten t iomet r ic  r eco rde r ,  The experinleht was c a r r i e d  out  wi th  

both a tensiometer on one end o f  t he  nylon tubing and w i t h  t h a t  end 

being blocked o f f ,  The o the r  end was connected t o  the  t ransducer  

system, Th.Ls was done t o  avo3.J c a l c u l a t i n g  the  temperature d i s e r i -  

hu t lon  across  the  nylon tubing w a l l s ,  e experiment then cons i s t ed  

of measuring the  pressure  and ' temperature f l u c t u a t i o n s  wi th  the  

hydrarrlic l i n e  terminated e i t h e r  by the blanked-off f i t t i n g  o r  by a 

tensiometer ke a t  atmospheric p re s su re ,  The r a t e  of d i f f u s i o n  o f  

water  vapor through the tubing wa l l s  was determined by pe r iod ica l ly  

weighing a w a t e r - f i l l e d  but  sea led  length  of tubing,  

t he  p r o f i l e  t o  a t t a i n  pressures  i n  excess  of atmospheric,  Under 

these  condi t ions ,  the response behavior of the  tensiometer-pressure 

t ransducer  system r e q u i r e s  ca re fu l  i n t e r p r e t a t i o n ,  A t h e o r e t i c a l  

anct experimental study of "chis response behavior was made, A small  

c e l l  was made i n  which a tensiometer  (connected t o  t he  t ransducer )  

and a r ap id  response a i r  p ressure  measuring device was i n s e r t e d ,  The 

c.ell  was successiveLy f i l l e d  wi th  sand of d i f f e r e n t  water  con ten t s ,  

For each condit ion,  an a i r  p ressure  was appl ied  and the  tensiometer  

response was recorded,  

4 ,  a i r  method of concluctivity - 
water conten t  --- When a f u l l y  s a t u r a t e d  column of porous 

m a t e r i a l  i s  p a r t i a l l y  drained and then rewet a t  the upper su r f ace  s o  
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t h a t  a i r  can n o t  escape ,  a  h y d r a u l i c  s i t u a t i o n  i s  produced w h i c h  

y i e l d s  a  be l l - shaped  w a t e r  c o n t e n t  p r o f i l e ,  Since ,  w l . t h  correct 

t iming of t h e  r e w e t t i n g  phase, s t e a d y - s t a t e  c o n d i t i o n s  a r e  qu ick ly  

achieved,  i t  is p o s s l  l e  t o  measure t h c  s t e a d y - s t a t e  f lux ,  w a t e r  

c o n t e n t s  and p r e s s u r e  heads u s i n g  t h e  equipment l i s t e d  under 1, 

This  i n f o r m a t i o n  p e r m i t s  t h e  d e t x r m l n a t i o n  o f  t h e  r e l a t i o n s h i p  

between t h e  h y d r a u l i c  c o n d u c t i v i t y ,  K, and wate r  c o n t e n t ,  0, i n  one 

s imple  exper iment ,  The procedure  reduces  c o n s i d e r a b l y  t h e  t ime 

r e q u i r e d  t o  measure t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  s a i l  m a t e r i a i s  

i s  method was used on two m a t e r i a l s ;  Vl7 Ottawa sand 

and Banding sand ,  

s ,  Using t h e  equipment d e s c r i b e d  - 
g  exper iments  havc been completed 

a t  l e a s t  f o r  one r u n  t o  p rov ide  t h e  b a s i c  e x p e r i m e n t a l  i n f o r m a t i o n  f o r  

t h e  nunaerical. comparisons.  

a ,  Drainage o f  180-cm column o f  1/17 Ottawa sand t o  a  con- 

s t a n t  wa te r  t a b l e  a t  t h e  bottom of  t h c  column f o r  bo th  f u l l y  s a t u r a t e d  

and r e s a t u r a t e d  c o n d i t i o n s ,  The r e s a t u r a t e d  c o n d i t i o n  is meant t o  

imply t h a t  t h e  column had en t rapped  a i r  i n  i t  a L t e r  r e w e t t i n g ,  

n f i L t r a t L o n  i n t o  t h e  180-cm column fo l lowing  'cwo s t a g e s  

o f  d r a i n a g e ,  The f i r s t  i n f i l t r a t i o n  was timed t o  s t a r t  approximately  

24 hours a f t e r  t h c  cornencement o f  t h e  d r a i n a g e  c y c l e  when t h e  f l u x  

o f  wa te r  o u t  t h e  bot tom 01 t h e  column was extremely s m a l l ,  The 

second r c w e t t l n g  was i n i t i a t e d  j u s t  30 minutes  a f t e r  t h e  s t a r t  o f  

d ra inage  i n v o l v i n g  t h e r e b y  w e t t i n g  w h i l e  d r a i n a g e  i s  s t i l l  going on,  

r i b u t i o n  o f  w a t e r  i n  t h e  column fo l lowing  p a r t i a l  

w e t t i n g  up from above,  

d ,  Drainage o f  s t r a t i f i e d  columns u s i n g  a  30-cm l a y e r  o f  

t h e  1j17 sand on t o p  s f  a  70-cm l a y e r  o f  t h e  Banding sand, and v i c e  

v e r s a ,  

6 ,  Nume.rica3. - Computer programs have been p repared  

f o r  t h e  numerical  s o l u t i o n  o f  t h e  problems l i . s t ed  a s  5a, 5b, and Sd 

above, The programs have been w r i t t e n  i n  F o r t r a n  I V  f o r  t h e  Univac 

Annual Report of the U.S. Water Conservation Laboratory



I107 bur p l a n s  have been madc L o  ~ e v i s c !  t h e  programs s l i g h t l y  '1nd 

r u n  t h c m  on t h e  lUN 7094 a t  khc U n i v e r s i t y  o f  I l l i n o i s ,  This  changc 

i s  being c o n s i d e r e d  due t o  t h e  big p r i c e  d i l f e r e n t i a l  f o r  computer 

t $me, 

7 ,  r f o r  l i e l d  measurement, The r e c h a r g e  

program w i t h  which t h e  l a b o r a t o r y  i n v e s t i g a t i o n s  a r e  c l o s e l y  r e l a t e d  

r e q u i r e s  a n  a c c u r a t e  f i e l d  r e c o r d i n g  o f  w a t e r  p r e s s u r e  changes i n  

t h e  s o i l  p r o f i l e  t o  c o n s i d e r a b l e  deptlrs ,  For t h i s  purpose, a s e l l -  

con ta iued  t e n s i o m e t e r - p r e s s u r e  t r a n s d u c e r  u n i t  f o r  f i e l d  a p p l i c a t i o n  

was des igned,  c o [ ~ s t r u c t e d  and t e s t e d ,  The t r a n s d u c e r  was tho same 

model a s  i n  1 and a  diagram o f  t h e  sys tem i s  shown i n  F igure  L ,  

The numerical  s u b d i v i s i o n  o f  t h i s  s e c t i o n  fo l lows  t h a t  o f  t h e  

s e c t i o n  on Procedure ,  

1, The l a b o r a t o r y  i n s t r u m e n t a t i o n  has  been used f o r  s e v e r a l  

d i f f e r e n t  phases 02 t h i s  s t u d y ,  The w a t e r  c o n t e n t ,  8 i n  cc /cc ,  

v e r s u s  p r e s s u r e  head, h  i n  cm of  wa te r ,  r e l a t i o n s h i p s  a r e  shown i n  

F igures  2 and 3 f o r  t h c  # I 7  Ottawa sand and t h e  Banding sand, 

r e s p e c t i v e l y ,  The d o t s  on t h e  curves  a r e  t h e  e x p e r i m e n t a l l y  d e t e r -  

mined p o i n t s ,  t h e  s o l i d  l i n e s  were ske tched  through t h e s e  p o i n t s  

and t h e  dashed Lines a r e  e x t  a p o l a t i o n s ,  A s  can be seen,  t h e  

Banding sand i s  f i n e r ,  having a  h i g h e r  a i r - e n t r y  v a l u e  and a  s m a l l e r  

v a l u e  o f  d@/dh,  The reweet-kng scanning curves  f o r  t h e  Banding sand 

and t h e  d r y i n g  scanning curves  f o r  each  sand have n o t  as y e t  been 

determined,  

2 ,  The measured ampl i tudes  o f  p r e s s u r e  changes brought  about  

by t empera tu re  changes f o r  two t e n s i o m e t e r s  were 6 , 9  and 2 ,8  mb, 

The computed v a l u e s  from t h e o r y  were 7,6 and 2,8 mb, r e s p e c t i v e l y ,  

g i v i n g  very  good agreement,  The phase s h i f t s  measured e x p e r i m e n t a l l y  

were  0,64 and 0,76 min and t h e  p r e d i c t e d  v a l u e s  were 0 - 6 1  and 0 - 7 1  

min, The d i f f u s i o n  of wa te r  vapor tltrough t h e  w a l l s  o£ t h e  tub ing  
-7 3 

was measured t o  be 2,O x 10 cm /min and t h e  p r e d i c t e d  v a l u e s  were 
3 

1.6 x  1 0 ' ~  ctn /mine Thc t h e o r y  has been developed and t h e  work 
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r e p o r t e d  i n  t h e  rol lowing manuscript.: K ,  K.  Watson a n d  R .  D, Jackson ,  
I I Tempcraturc e f l e c t s  i n  a  t e n s i o m c t c r - p r e s s u r e  t r a n s d u c e r  sys tem."  

Vroc, Soi.L S c i .  Soc,  o f  An, I n  p r e s s ,  

3, The r e s u l t s  o f  t h e  e x p e r i m e n t a l  procedures  i n d i c a t e d  e a r l i e r  

wcre:  f o r  c o a r s e  ceramics  and wet sand,  t h e  a p p l i e d  a i r  p r e s s u r e  was 

always immediately recorded  a s  a  s t e p  change i n  t h e  t r a n s d u c e r  o u t p u t ,  

Ilowever, f o r  f i n e  ceramics  and d r i e r  c o n d i t i o n s ,  on ly  a p o r t i o n  01 thc! 

a p p l i e d  a i r  p r e s s u r e  was d e t e c t a b l e  on t h e  o u t p u t  r e c o r d ,  Th is  was n o t  

a  response e f f e c t  bu t  a  "water l i m i t i n g "  c o n d i t i o n ,  The indepenclent: 

a i r  p r e s s u r e  measuring sys tem r e c o r d s  t h e  e n t i r e  a i r  p r e s s u r e  change 

bu t  on ly  a  p a r t  o f  t h i s  change appears  i n  t h e  o u t p u t .  S ince  c a p i l l a r y  

p r e s s u r e  changes a r e  o c c u r r i n g  s imul taneous ly ,  i t  becomes imposs ib le  

t o  s e p a r a t e  t h e  c a p i l l a r y  p r e s s u r e  change From t h e  nonrecorded a i r  

p r e s s u r e  component, The fo l lowing  manuscr ipt ,  g i v i n g  the  r e s u l t s  i n  

d e t a i l ,  has been p r e s e n t e d  f o r  p u b l i c a t i o n :  K ,  I<, Watson, "The 

response  behav ior  o f  a  t e n s i o m e t e r - p r e s s u r c  t r a n s d u c e r  sys tem under 

c o n d i t i o n s  of changing pore  a i r  p r e s s u r e , "  S o i l  S c i ,  I n  review,  

4,  The r e s u l t s  of t h e  en t rapped  a i r  method of  de te rmin ing  tlle 

K(O)  r e l a t i o n s h i p  f a r  t h e  # l 7  Ottawa sand and t h e  Banding sand a r e  

shown i n  F igures  4 and 5,  The p o i n t s  a r e  e x p e r i m e n t a l l y  determined,  

t h e  s o l i d  l i n e s  a r e  drawn through t h e  p o i n t s ,  and t h e  clashed l i n e s  

a r e  e x t e n s i o n s  o f  t h e  s o l i d  l i n e s ,  S ince  p a r t  o f  t h e  column i s  

w e t t i n g  and p a r t  i s  d ry ing ,  t h i s  g i v e s  i n f o r m a t i o n  on t h e  h y s t e r e s i s  

behavior  of t h e  R(U)  r e l a t i o n s h i p ,  I n  t h e  two sands  exami.ned, no 

such  h y s t e r e s i s  e f f e c t s  can be observed,  A manuscr ip t  on t h i s  work 

i s  i n  p r e p a r a t i o n ,  

5, The f i r s t  r u n s  on t h e  exper iments  o u t l i n e d  i n  t h e  p rev ious  

s e c t i o n  have been made and t h e  d a t a  a r e  i n  t h e  p r o c e s s  o f  c o r r e l a t i o n  

w i t h  t h e  numer ica l  r e s u l t s .  An extremely i n t e r e s t i n g  and fundamental  

o b s e r v a t i o n  was made i n  t h e  s t r a t i f i e d  column exper iment  i n  which t h e  

f i n e  sand o v e r l a y s  t h e  c o a r s e ,  The p r e s s u r e  head i n  t h e  bottom c o a r s e  

l a y e r  became much more n e g a t i v e  than  t h e  a i r - e n t r y  v a l u e  w i t h  no 

change i n  w a t e r  c o n t e n t ,  Th i s  was ciue t o  t h e  l a c t  t h a t  no a i r  cou ld  
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c n t c r  ~l1i.s l a y e r  u n t i l  t h e  l inc! J o y c i .  clraincld, ATtc.r a i r  had ci)tcrchd 

t h e  c o a r s e  sand,  t h e  p r e s s u r e  head a c t u a l l y  i n c r e a s e d  w i ~ i J e  t h e  w a t e r  

c o n t e n t  was d e c r e a s i n g ,  The observed phenomenon r e l a t e s  t o  t h e  sys tem 

dependence o f  t h e  w a t e r  c o n t e n t - p r e s s u r e  head r e l a t i o n s h i p ,  A manu- 

s c r i p t  has been p repared  on t h i s  o b s e r v a t i o n ,  K. K ,  Watson and P. D, 

Whisler ,  "System dependence o f  t h e  w a t e r  c o n t e n t - - p r e s s u r e  head 

r e l a t i o n s h i p , "  Mote i n  Proc ,  S o i l  S c i ,  Soc,  o f  hi, In review.  

6 ,  The computer program w r i ~ t e n  f o r  t h e  numer ica l  a n a l y s i s  o f  

d r a i n a g e  t o  a c o n s t a n t  w a t e r  t a b l e  has been checked a g a l u s t  s e v e r a l  

pub l i shed  r e s u l t s  (1, 2, 3, 4, 5 ) .  F igure  6 shows t h e  ~ ( h )  r e l a t i o n -  

s h i p s  and F i g u r e  7 shows t h e  K(u)  r e l a t i o n s h i p  which d e s c r i b e  t h e  

m a t e r i a l s  which have been t e s t e d ,  F igure  8 shows a comparison 

between t h e  e x p e r i m e n t a l  r e s u l t s  i n  terms o f  t h e  h ( z )  r e l a t i o n s h i p  

a s  a f u n c t i o n  o f  t ime and t h e  numer ica l  p r e d i c t i o n s  f o r  t h e  m a t e r i a l ,  

Botany sand, r e p o r t e d  by Watson. F igure  9 shows t h e  comparison 

between t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  by P r i l 1 ,  Johnson,  and 

Morr is  f o r  a F resno  sand and t h e  numer ica l  r e s u l t s ,  A s  can be  seen ,  

t h e  agreement i s  v e r y  good f o r  Botany sand and not  s o  good f o r  t h e  

Fresno sand,  The l a t t e r  may be due t o  t h e  f a c t  t h a t  (1) t e n s i o m e t e r s  

and manometers were used t o  fo l low t h e  p r e s s u r e  head changes and 

(2)  t h e  c h a r a c t e r i s t i c s  used i n  t h e  computer were t h e  a v e r a g e s  oC 

two columns, A manuscr ip t  i s  be ing  p repared  t o  r e p o r t  on t h e s e  and 

o t h e r  comparisons and t o  d i s c u s s  t h e  p h y s i c s  o f  t h e  p r o c e s s e s  

invo lved ,  The numer ica l  programs w i l l  a l s o  be used t o  p r e d i c t  t h e  

r e s u l t s  observed i n  t h e  columns o f  sand s e t  up i n  t h e  L a b o r a t o r y ,  

Th i s  w i l l  t a k e  c o n s i d e r a b l e  t ime  bo th  e x p e r i m e n t a l l y  and n u m e r i c a l l y ,  

7, A p i l o t  f i e l d  s t u d y  i n d i c a t e d  t h a t  t h e  t e n s i o m e t e r  sys tem 

d e s c r i b e d  e a r l i e r  was v e r y  s a t i s f a c t o r y ,  With a t r a n s d u c e r  o f  5 

p s i  r ange  and a ce ramic  o f  600 mb bubbl ing p r e s s u r e ,  t h e  t ime  con- 

s t a n t  o f  t h e  sys tem i s  0,2 seconds .  F i e l d  c a l i b r a t i o n  o f  t h i s  

equipment can be  made by u s i n g  t h e  r e f e r e n c e  p o r t  o f  t h e  t r a n s d u c e r  

and a p o r t a b l e ,  w e l l  r e g u l a t e d  a i r  p r e s s u r e  sys tem.  A manuscr ip t  

d e s c r i b i n g  t h e  equipment and i t s  performance h a s  been accep ted  f o r  

p u b l i c a t i o n  i n  t h e  J o u r n a l  o f  Hydrology, I<. K, Watson, "A r e c o r d i n g  

f i e l d  t ens iomete r  w i t h  r a p i d  response  c h a r a c t e r i s t i c s , "  

44-7 
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SUMMARY AND CONC1,US 1ONS : 

111 order  t o  clevelop a t hco rc t  i .cnl  l ou t~da t ion  1'01- the' sc lwclu  l i rll; 

of i n t e r m i t t e n t  inundat ion  01 recharge bas ins  w i t h  l o w  q u a l i t y  watcr ,  

both labora tory  and mathematical s t u d i e s  have t o  be made, A v e r t i c a l  

t r ave r s ing  system us ing  a  d r i l l  p ress  has been adapted t o  t he  Labora- 

t o ry  study of  v e r t i c a l  flow of water  i n  s o i l  columns. The study has 

been instrumented s o  t h a t  t h e  water  conten t  of  t he  columns can be 

measured nondes t ruc t ive ly  by a gamma r a d i a t i o n  system and the  s o i l -  

water  p ressure  can be measured s imultaneously us ing  a  s t r a i n  gage 

t ransducer- tensiometer  system, 

The ex i s t ence  of  some i n s t a b i l i t y  i n  t he  p re s su rc  record was 

t r aced  t o  a  temperature e f f e c t  on t h e  nylon hydrau1 . i~  p re s su re  l eads .  

A mathematical model exp la in ing  t h i s  e f f e c t ,  which included d i f l u s i o n  

through the  tube wa l l s ,  was developed, P red i c t i ons  were then made 

of  pressurc  amplitudes and phase s h i f t s  as  observed exper imenta l ly ,  

These p red i c t i ons  compared c l o s e l y  w i th  those determined exper imenta l ly .  

I n t e r m i t t e n t  water ing schedules  may cause zones of  a i r  i n  t h e  

p r o f i l e  t o  a t t a i n  pressures  i n  excess  of  atmospheric,  Under these 

condi t ions ,  the  response behavior of  t he  tensiometer-pressure 

t ransducer  system r e q u i r e s  c a r e f u l  i n t e r p r e t a t i o n .  A theore t ica l .  

and experimental  s tudy of t h i s  response behavior was made, The 

theory g ives  a  s a t i s f a c t o r y  explana t ion  of t he  phenomenon and the  

co r r ec t i on  approach t o  be used, 

When a  f u l l y  s a t u r a t e d  column of  porous m a t e r i a l  i s  p a r t i a l l y  

dra ined  and then rewet a t  t he  upper su r f ace  s o  t h a t  a i r  can not  

escape, a  hyd rau l i c  s i t u a t i o n  i s  produced which y i e l d s  a  bel l -shaped 

water  conten t  p r o f i l e .  Since, w i th  c o r r e c t  t iming of  t he  r ewe t t i ng  

phase, s t eady - s t a t e  condi t ions  a r e  quickly achieved, i t  i s  posscblc 

t o  measure t h e  s t e a d y - s t a t e  f lux ,  water conten ts ,  and p re s su re  heads 

us ing  the  equipment mentioned e a r l i e r .  This  in format ion  permits  t he  

de te rmina t ion  of  t h e  r q l a t i o n s h i p  between lzydraulic conduct iv i ty  and 

water  conten t  i n  one s imple experiment,  L t  a l s o  y i e l d s  va luab le  

information on t h e  l ack  of h y s t e r e s i s  i n  t he  r e l a t i o n s h i p .  
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In o r d e r  t o  have e x p e r i m e n t a l  i n f o r m a t i o n  t o  compare t o  t h e  

mathemat ical  s o l u t i o n s  o f  t h e  flow cqucltion, t h e  fo l lowing  cxpcr iments  

were run :  

a ,  Drainage o f  180-cm column o f  #17 Ottawa sand t o  a c o n s t a n t  

w a t e r  t a b l e  a t  t h e  bottom of  t h e  column f o r  b o t h  f u l l y  s a t u r a t e d  and 

r e s a t u r a t e d  c o n d i t i o n s .  The r e s a t u r a t e d  c o n d i t i o n  i s  meant t o  imply 

t h a t  t h e  column had e n t r a p p e d  a i . r ,  

b. I n f i l t r a t i o n  i n t o  t h e  180-cm column fo l lowing  two s t a g e s  o f  

d r a i n a g e ,  The f i r s t  i n f i l t r a t i o n  was t imed t o  s t a r t  approximately 

24 hours a f t e r  t h e  commencement o f  t h e  d r a i n a g e  c y c l e  when t h e  f l u x  

o f  wa te r  o u t  t h e  bottom o f  t h e  column was ex t remely  s m a l l ,  The second 

r e w e t t i n g  was i n i t i a t e d  j u s t  30  minutes a f t e r  t h e  s t a r t  o f  d r a i n a g e  

i n v o l v i n g  the reby  wetting, w h i l e  d r a i n a g e  i s  s t i l l  go ing  on, 

c ,  R e d i s t r i b u t i o n  of w a t e r  i n  t h e  columns fo l lowing  p a r t i a l  w e t t i n g  

up from above,  

d.  Drainage o f  s t r a t i f i e d  columns u s i n g  a  30-cm l a y e r  of  the #17 

sand on t o p  o f  a  70-cm l a y e r  o f  Banding sand, and v i c e  v e r s a ,  When t h e  

Banding sand, a  f i n e r  sand, was on top,  t h e  c o a r s e r  sand d i d  no t  d r a i n  

a t  i t s  "usual"  a i r - e n t r y  v a l u e ,  Thus, t h e  m o i s t u r e  c h a r a c t e r i s t i c  i s  

n o t  always unique, b u t  can be sys tem dependent.  

Computer programs have been w r i t  t e n  f o r  numer ica l ly  s o l v i n g  t h e  

flow e q u a t i o n  and p r e d i c t i n g  t h e  r e s u l t s  o f  p a r t s  a,  c ,  and d  above,  

The programs a r e  s t i l l  be ing  t e s t e d  and t h e  s t a g e  has  been reached  

where e x t e n s i v e  computer t ime i s  r e q u i r e d  t o  o b t a i n  t h e  necessa ry  

numerical  s o l u t i o n s ,  When t h i s  i s  completed, t h e  numerical  and e x p e r i -  

mental  r e s u l t s  can be compared and conc lus ions  reached  on t h e  accuracy 

o f  t h e  numerical  p r e d i c t i v e  approach and t h e  accuracy o f  t h e  d a t a  

needed f o r  such  an  approach,  

The r e c h a r g e  program r e q u i r e s  an  a c c u r a t e  f i e l d  r e c o r d i n g  o f  

w a t e r  p r e s s u r e  changes i n  t h e  s o i l  p r o f i l e  t o  c o n s i d e r a b l e  d e p t h s ,  

For t h i s  purpose, a  s e l f - c o n t a i n e d  tensiomctcr-pressure-transclucer 

u n i t  f o r  f i e l d  a p p l i c a t i o n  was s u c c e s s f u l l y  des igned,  c o n s t r u c t e d ,  

and t e s t e d ,  
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Figure 3 

Water content,  Q cc/cc, versus pressure head, 11 cm of water, f o r  
Banding sand during drainage. Curve (a) i s  drainage from sa tu ra t ion  
and curve (b) i s  drainage from "resaturat ion."  

Annual Report of the U.S. Water Conservation Laboratory



Figure 4 

Water content, @ cc/cc, versus hydraulic conductivity, K cm/min, fo r  #17 Ottawa sand. The dashed 
par t  of the  curve i s  an extrapolation.  
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Figure 5 

Water content, 8 cc/cc, versus hydraulic conductivity, K cm/min, for  Banding sand, Circles a r e  for  
wetting and squares a re  for  drying, 
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Figure 6 

Water content, 8, versus pressure head, h, for published drainage 
re la t ionships  which have been tested. 
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Water c o n t e n t ,  0, versus  h y d r a u l i c  c o n d u c t i v i t y ,  K, lor  p u b l i s t w d  
d r a i n a g e  r e l a t i o n s k i .  s w h i c h  have been t e s t e d .  
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Figure  8 44-18 

Pressure  head, h, ve r sus  depth, z, f o r  var ious  t i m e s  of  d ra inage  
of  Botany sand. The d o t s  a r e  exper imenta l ly  determined and t h e  s o l i d  
l i n e s  a r e  numerical p r ed i c t i ons .  
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Figure 9 

essure  head, h, versus depth, z ,  f o r  va r ious  times of drainage 
s o l i d  dots  a r e  f o r  column 1 and the  open 

0th experimental ly  determined, The s o l i d  
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e a s e  s f  canstr he des ign  dimensions 

w i l l  be used t o  

conomical s i z e  Ear 
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damage, 

annon C i t r u s  Farm, Ioca 

near Tacna, A r  

S o i l s  a r e  Supc e s  have ILL-inch outLets ,  About 

e t s  and considerable 

965, and i f  they 

new s t r u c t u r e  was b u i l t  

and two were d when the apron -elevation 

rmuda g rass  destroyed one 

s t r u e  t u r  e whe s e x i s t i n g  between boxes 

t e  f o r  streams of t h i s  

a r e  below f i e l d  

e levat ion ,  
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same, Pre-fa 
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The major e f f o r t  of both t h e  f i e l d  and Laboratory work i s  directed 

toward mcthods of assur ing uniform spreading and clistrdibattian, d~hF1c 

cause f a i l u r e  of t h e  

l i c s ,  b u t  cannot be 

economically con tinkaing on eva lua  e ion 

of various conf i ill perform s a t i s f a c t o r i l y  and y c t  be 

o r s  t o  apply large  

ion d i t c h  i t s e l f ,  

t e  t h e  d i scharge  a r c  

ng devices, const ruct ion 

inves t igat ion using a 

t u r e  cons i s t s  of 

a box attached to ttae 

n opening i n  the top 

e end, The v e r t i c a l  

i t h  s u i t a b l e  ba f f l ing  

of the flow onto the  

hreshold ve loc i ty  was 

Aprons around the  

e of such a s i z e  that  i v e r  t-.lie desired 

reshold ve loc i  

t h e  sheet  f I k  ribantion of the o u t l e t  shape, 

s of t h e  same bas ic  design have been i n s t a l l e d ,  

e the  general f i e l d  e levat ion,  
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causing the slieet fiow on the  apron Lo e x i t  onto t he  sand a t  e ros ive  

v e l o c i t i e s .  Those which were reconstructed wieh lower apron l cvc l s  

have remained s e w i c e a  

~ r o b h n s  encountered i n  d have included erosion of the  

mmuda grass  growing 

e and causing f u r t h e r  breakage, and 

ned por t ion  of the  

the  r i m  so t h a t  i t  extended severa l  

ereuttl .ng a t  the  

i n t e r f a c e  of s 
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TITLE : FLOW MEASlBEmN?' EN OPEN CttL1NNE1,S WITH CRLTI CAL i2EI'III.i FLIJMES 

L,LNE PROJECT: SWC X-gGl CODE N O . :  Ariz-WCL-48 

INTKODUCTZ ON : 

I n c r e a s i n g  a  t t e n t i o n  i s  I)cing c l i r cc led  toward ~neasurcmclnt of watr>r 

i n  open channe l s ,  e s p e c i a l l y  a s  r c l a l c t i  t o  i r r i g a t i o n  d i s t r i b u t i o n  

systems and watershed runofL i n v e s t  i ga t  i o n s .  I n  t h e  L a t t e r  c a s e .  widc 

ranges  o f  f low r a i e  must be accon~odatctl ,  Tn b o t h  i n s t a n c e s ,  c r i t i c a l  

dep th  Elurr~es p r o v i d e  a  sa t i : ; f ac to ry  means o I. gag ing*  The s  t r u c t u r t l s  a r c  

rtrgged, r e q u i r e  l i t t l e  maintenance,  aa3d can be f i t t e d  wit-h dev ices  Tor 

con t inuous  r e c o r d i n g  of d i s c h a r g e  L A ~ C .  The b a s i c  theory  o l  t l ~ c i r  op- 

e r a t i o n  tias been long known, d a t i n g  back t o  136langcr 's  work rcporickd 

i n  P a r i s  i n  1849-50 on broad c r e s t e d  w e i r s ,  and cu lmina t ing  w i t h  t h e  

pub l ica t io r r s  of Aclcers (11, Ackers and 'Harrison ( 2 ) ,  Disk in  (31, <lnd 

Robinson ( 4 ) .  

Disk in  p r e s e n t e d  a s o l u t i o n  Eor p r e d i c t i n g  t h e  r a t i n g  curves  f o r  

f  lwcncs wi t  h e x p o n e n t i a l  t h r o a t s  ( r e c t a n g u l a r ,  t r i a n g u l a r ,  and p a r a -  

boi i c )  , and Ackers p rcsen tcd  a g c n t ~ r a l  s o l u t i o n  f o r  t r a p e z o i d a l  -Lhroat i l d  

LLumes and in t roduced  a c o r r e c t i o n  Lou f r i c t i o n  Losses i n  t h c  l l u m c l  

t h r o a t ,  

Even though t h e  b a s i c  theory  of o p e r a t i o n  i s  known, t h c  s t a g e -  

d i s c h a r g e  r e l a t i o n  i s  s t i l l  generally determined e m p i r i c a l l y  ( 4 ) ,  

because t h e  a p p l i c a t i o n  of t h e  t h e o r e t i c a l  knowledge i s  t c d i o u s  and 

r e q u i r e s  d e t a i  Led computat ions  besl.. accornpl i s h c d  w i t h  e l e c t r o n i c  

computers , Furthermore,  c t ~ r t a i r l  p h y s i c a l  dimensions and vela  t iou:,lr i pt; 

need t o  be determined i n  o r d e r  t o  i n s u r e  t h a t  t h c  f l ~ ~ i i t c  proclucc~s Z I  

f Low t h a t  s a t i s f i e s  t h e  nssttrrrpt ions i n  tlle c lc r iva t ion  oL t h e  ttieor-et i CJ L 

c a l i b r a t i o n  e q u a t i o n .  

T h i s  s t u d y  i n v o l v e s  t h e  d e s i g n  of f lumes based on theoretics l 

concep ts  which h o p e l u l l y  w i l l  pe rmi t  t h e  Laboratory  c a l i b r a t i o n  o f  

a Eew flumcs t o  be c o n r i d e n t l y  a p p l i e d  t o  a  wide v a r i e t y  ctf s lmpes ,  

PIZOCEDIRE : 

Numerous pub) i c a t i o n s  concern ing  cr'i t i c a l  dep t11 f  lurnes were sturliecl 

i n  d e t a i l  w i t h  emphasis d i r e c t e d  toward t h e o r e t i c a l  d e r i v a t i o n s  and 

t h e  n s s o c i a t e d  assumpt ions .  Based on t h e  t h e o r e t i c a l  s t u d y ,  f o u r  
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triangular-throated flume sizes were initial Ly designed Tor imit~ediate 

use on associated projects. These Klumes were calibrated undcr Jab- 

oratory conditions as soon as each was constructed and the laboratory 

calibration compared to the Lhc.nretica1 derivation, Additional stt~dic,.: 

were conducted on some or the fltrmcs to evaluate thc effects of in- 

stallation and construction anomalies. 

R E S U L T S  AND DXSCUSSIQN:  

Theoretical Considerations. Critical depth is obtained in a 
' ir: 

horizontal flume or channel when 
1 

where 

cr: = velocity distribution coefficient 

v = average velocity in the cross section 

g = gravitational constant 

D = hydraulic depth = A / T  

A = cross-sectional area  ol flow 

T = top width of flow 

c = a subscript relating to conditions at the critical 

section 

Since Q = A v ,  equation fl] can bc expressed as 

For trapezoidal channels 

wher i: 

b = channel bottom width 

1 : z  = channel side slope, vertica1:horizontal 

y = flow depth in the channel 
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Equat ion [ S ]  e x p r e s s e s  t h e  d i s c h a r g e  i n  a t r a p e z o i d a l  channel  or  

flume, i n  terms of t h e  dep th  a t  t h e  c r i t i c a l  s e c t i o n ,  but i n  p r a c t i c e  

i t  i s  u s u a l l y  n e c e s s a r y  t o  measure upstream d e p t h s  because  t h e  exac t  

p o i n t  of c r i t i c a l  dep th  i n  a  Plume t h r o a t  i s  d i f f i c u l t  t o  Locate.  Thus,  

a n  e s s e n t i a l  s t e p  i s  t o  c o n v e r t  t h e  e q u a t i o n  i n t o  a  forrri r e l a t i n g  head 

t o  d i s c h a r g e .  

The t o t a l  head,  Hc, o r  s p e c i f i c  edergy i n  t h e  t h r o a t  of a fluine 

measured r e l a t i v e  t o  i t s  i n v e r t  i s  g iven  by 

o r ,  s i n c e  v  = Q/A and u s i n g  e q u a t i o n s  [ 2 3 ,  [3 I ,  and [ 4 J ,  

A 
c  

C = , c + T  

This  i s  a  q u a d r a t i c  t h a t  can be rea r ranged  i n t o  t h e  form 

wi th  two r o o t s ,  t h e  n e g a t i v e  r o o t  n o t  s a t i s f y i n g  t h e  p h y s i c a l  c o n d i t i o n s .  

Thus t h e  p o s i t i v e  r o o t  i s  s e l e c t e d ,  which i s  

Equat ion [5 ]  can now be e v a l u a t e d  u s i n g  t h e  p h y s i c a l  dimensions of 

t h e  channe l  and t h e  t o t a l  s p e c i f i c  energy,  H. S i n c e  H a t  t h e  c r i t i c a l  

s e c t i o n  i s  g iven  by e q u a t i o n  [8 ] ,  t h e  s p e c i f i c  energy a t  a n  upstream 

measuring p o i n t  must' be t h e  same excep t  f o r  a  minor energy l o s s  between 

t h i s  p o i n t  of measurement and t h e  c r i t i c a l  s e c t i o n  i n  t h e  flume t h r o a t .  

Thus, H can be c a l c u l a t e d  by u s i n g  t h e  channel  dimensions and flow 

dep th  approaching t h e  flume. A t  a  measurement s e c t i o n  upst ream from 
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the Clume t h r o a t ,  

where y i s  the  depth of flow and the subsc r ip t  1 r e f e r s  t o  the up- 

stream s e c t i o n  where the measurement i s  made. I f  t h e  flow l i n e s  a t  

t h i s  s e c t i o n  a r e  curv ing ,  then y w i l l  r e q u i r e  a s l i g h t  c o r r e c t i o n  i f  

t he  flow depth i s  sensed by us ing  a p re s su re  t ap  near  the  channel 

bottom. E q m t i o n s  [ll] and [5]  d e f i n e  Q i m p l i c i t l y  and r e q u i r e  

i t e r a t i v e  techniques f o r  t he  eva lua t ion  of the  t h e o r e t i c a l  c a l i b r a t i o n  

curve,  This  can be most r e a d i l y  accomplished with a  computer. 

For flumes t o  have p r e d i c t a b l e  c a l i b r a t i o n s ,  the  flow l i n e s  a t  

the  measurement s e c t i o n  and the  point: of c r i t i c a l  depth should be 

p a r a l l e l .  This e l imina te s  t h e  n e c e s s i t y  of making co r rec t ions  f o r  
-. 

s t reaml ine  curva ture .  

Because of the usual  converging channel s e c t i o n  needed between 

the  upstream poin t  of measurement and the  flume t h r o a t ,  t h e  v e l o c i t y  

p r o f i l e  i s  u sua l ly  no t  we l l  developed a t  the  c r i t i c a l  s e c t i o n  and 

a can be assumed equal  t o  u n i t y ,  On t h e  o ther  hand, the  v e l o c i t y  
c  

p r o f i l e  a t  the  measurement s e c t i o n  may be expected t o  be wel l  de- 

veloped and a could have values between 1 and 1.04 o r  g r e a t e r .  
1 

I f  the f r i c t i o n  lo s ses ,  f ,between t h e  measurement s e c t i o n  and 
1 

the  c r i t i c a l  s e c t i o n  a r e  not  small  then 

and some method of eva lua t ing  E must be devised.  This has been 
1 

done by Ackers and Harr ison (2) us ing  boundary l aye r  theory  and 

a l s o  using the  more convent ional  f r i c t i o n  f a c t o r  method. 

Equations [5] and [ll] s impl i fy  somewhat f o r  t r i angu la r - th roa t ed  

flumes, b = 0, and f o r  r ec t angu la r  t h r o a t s ,  z = O,to become, 
C C 

r e spec t ive ly ,  i f  ac = 1.00 and g = 32.16, 
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and 

D e s i g n *  To operate as a critical depth flume 

requiring only one point of depth measurement, the ou~let depth of 

flow must be sufficiently reduced to prevent submergence. Xn a 

rectangular-throated flume, the theoretical ratio between channel 

depth and critical. depth is 

where W is given by equation [6]. Thus, the submergence for a 

rectangular-throated flume would occur when the downstream depth 

exceeded the critical depth in the flume, which is approximately 

0.67 times the upstream head, . 
1 

In a triangular-throated flume, 

and submergence would not occur until the downstream depth exceeded 

yc 
or 0.80 times the upstream head, HI. Trapezoidal-throated flumes 

are expected to vary between these values. 

Theoretically, it appears that a triangular-throated flume is not 

as easily submerged as a rectangular flume. This makes it attractive 

for flow measurements in irrigation ditches where head losses must 

be kept low and submergence is not easily avoided. 

Specific Designs. Detailed designs have been made for a few 

specific cases where submergence is avoided by selective design of 
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t h e  flume ~ h r o a ~ .  The procedit rc  irrvo lves  clctclnriining t h e  norma 1 

d e p ~ h  of f l aw i n  t h c  clranncl,  t h e n  :;calccti ng .i I lurnc. c o n l i g u r a t i o n  

t l ~ a t  w i l l  c a u s e  s u i C i e i e u e  pontling Lo maint-ain t lw niinirrrum submergence 

r e l a ~ i o n s h i p  b e ~ w e e r ~  upsert.am and downstrtAam waler l e v e l s ,  

30O T h r o a t ,  ne Iltmrc, based on p a s s i n g  3*5 c f s  a t  n dep tn  of ---- 
c r e t e  d i t c h ,  ~h I i t  and s i d e  s l o p e s  l : l ,  

o r t a b l e  u s e  i n  F r r l g a  c i s  w i t h  energy 

g r a d i e n t s  a s  Low as t r i a n g u l a r  t h r o a t  was chosen wi th  a  30- 

proacli s e c t i  on %sit-'n 

r e a n  edges  were 

age  p a s t  t h e  flume when 

on, 2 f t  long,  

o a t  s e c t i o n ,  The l a t t e r  

l a b o r a t o r y  t c s t s  i n d i c a t e d  t h a t  above 

e r a t i n g  head,  t h e  f low l i  t o  a t t a i n  t h e  n e c e s s a r y  

p a r a l l e l  f low c o n d i t i o n  i n  t e t h r o a t ,  The drawdom from t h e  Lree 

d i s c h a r g i n g  khroak s e c t i o  c a r r i e d  back Far enough t o  meet t h e  draw- 

down curve  a t  t h e  t h r o a t  e n t r a n c e ,  Thus:, p a r a l I e l ,  o r  n e a r l y  p a r a l l e l  

f low, was n o t  a e  i eved  i n  the i l r m e  t h r o a t  a t  t h e  h i g h e r  f low r a t e s ,  

d i s c h a r g e  over  t ar: determined t h e o r e t i c a l l y  

f o r  a  g iven  head,  

Based on t h e  above o b s e r v a r i o n s ,  ttic average  s u r f a c e  s l o p e  from 

upst ream head t o  f r e e  o v e r f a l l  e p t h  a t  the t h r o a t  o u t l e t  was c a l -  

c u l a t e d ,  For t r i a n g u l a r  f r e e  o v c r f a l l s ,  t h e  end dep th  i s  approx imate ly  

0 . 8  yc, and i n  t u r n ,  = 0 , 8  L "  s i n g  t h e  observed 1 - f t  approach 

dep th  a s  t h e  l i ~ i t i n g  upper v a l u e  f o r  a 2 - f t  long t h r o a t ,  i t  i s  

obvious t h a t  f o r  a 2-El: f low d e p t h ,  a  4 - f t  t h r o a t  i s  n e c e s s a r y .  

( I n t e r e s t i n g l y ,  s i n c e  r e c t a n g u l a r  t h r o a t s  have a n  overfa l .1  dep th  of 

0.715 ye, t h e  same average  water  surLace s l o p e  i n  t h e  t h r o a t  d i c t a t e s  

a t h r o a t  Length of 6 It f o r  a 2 - i t  dep th  01 f l o w , )  A l a b o r a t o r y  

check of t h e  i n c r e a s e d  ~111-oat Length has  R O L  een eomp l e t  ed  , 

tmes, Designed t o  pass  LO c f s  a t  a  maximum 

head of 2,25 f t ,  t h i s  f  Lutne was b u i l t  t o  measlare runof f  froin e x p e r i -  
o  

menta l  f i e l d  p l o t s .  The t r i a n g u l a r  t h r o a t  opening was 60 w i t h  a n  
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approach s e c t i o n  having t h e  samc s i d e  s l o p e s  buL wi th  a n  8 - i n c h  bottom 

w i d t h ,  A converging s e c t i o n  connected t hc  laCLcr w i t h  t.he former ,  A l l  

s e c t i o n s  were approx i i~ra te ly  28 inches  lorrg and 27 i n c h e s  deep.  The 

c a l i b r a t i o n  r c s u l ~ s  were c s s e r r ~ i a l l y  as a n a l y t i c a l l y  p r e d i c t e d  wi th  a  

g r a d u a l  d e p a r t u r e  from t h e  t h e o r e ~ i c a l  s o l u t i o n  a t  h igh l lows .  The 

e r r o r  a t  maximum f low r a t e ,  however, was approxima teLy 2 p e r c e n t .  Pollr 

h i s  s i z e  have been b u i l t ,  Three  have been c a l i b r a t e d  i n  

t h e  l a b o r a t o r y  and p aced  i n t o  f i e l d  s e r v i c e ,  The t h r e e  c a l i b r a t i o n s  

were e s s e n t i a l l y  i d e n t i c a l ,  a s  expecbed, 

These flumes %ere s u b j e c t e d  t o  s e v e r a l  Lests  t o  e v a l u a t e  e f f e c t s  

of improper c o n s t r u c t i o n  and i n s t a l l a t i o n ,  The t e s t s  and r e s u l t s  a r e  

a s  f o l l o w s :  

1, =lonab t w i s t  h c  flume was t w i s t e d  s o  t h a t  one 

s i d e  oL t h e  flume was 0. 

p e r c e n t  e f f e c t  was no ted  a t  a  head of 1 - 2 3  f t .  

2 .  f l e c t i a n  o c  t h r o a t  s e c t i o x ~ :  A 0 ,75- inch  inward 

d e f l e c t i o n  of t h e  t h r o a t  s e c t i o n  a s  measured a t  a p o i n t  13 i n c h e s  

above t h e  f l o o r ,  caused approximaLely 1 p e r c e n t  change i n  c a l i b r a t i o n  

a t  a head of L ,23  f t ,  

3. End e l e v a t e d :  he end of t h e  flume was el-evated 0 , 7 5  inclzes. 

While i t  changed t h e  ze ro  r e f e r e n c e  f o r  t h e  p o i n t  gage, t h e  n e t  flume 

c a l i b r a t i o n  changed l e s s  than  I p e r c e n t ,  E l e v a t i n g  t h e  end s e c t i o n  by 

1 , 5  inches  caused approx imate ly  2  p e r c e n t  change.  The head a g a i n  was 

approx imate ly  1 , 2  E t  , 

4 ,  End lowered: When t h e  end o f  t h e  flume w a s  Lowered about  

0.75 i n c h e s  below t h e  Level p o s i t i o n ,  a t  t h e  same heads used above,  

t h e  c a l i b r a t i o n  changed approximat e l  y l , 5  p e r c e n t  . 
5. EfL'ect of sediment i n  approach s e c l i o n :  Concre te  b locks ,  8 

i n c h e s  by 16 i n c h e s ,  and 1 , 5  i n c h e s  t h i c k  were p l a c e d  i n  t h e  approach 

s e c t i o n  o f  t h e  flume where t h e  p r e s s u r e  head i s  sensed .  One l a y e r  of 

b locks  f a i l e d  t o  produce a  n o t i c e a b l e  change i n  head,  but  when a n  

a d d i t i o n a l  l a y e r  of b locks  was added, t h e  change i n  c a l i b r a t i o n  was 

approx imate ly  2  p e r c e n t  f o r  a  head of 1 . 2  k t ,  Th i s  i s  thought  t o  be 

caused by t h e  t u r b u l e n c e  induced n e a r  t h e  p r e s s u r e  t a p  r a t h e r  t h a n  t o  

s i g n i f i c a n t  changes "s f low a r e a  and hence velocity-of-approach changes.  
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6 .  E f f e c t  o P 9 p r o a c l . 1  i n i o  t h e  E L u m :  T h e  normal e n t r a n c e  

c o n d i t i o n s  a t  the approach s e c t i o n  of t h e  f Lume r e s u l t e d  from b o l i i n g  

it: onto  t h e  LlaL s i d e  of a n  8-Ft  sqtrarc head box w i t h  t h e  f l o o r  of 
0 

t h e  flume Elush w i t h  t h i l t  o f  t h e  head box, Wingwalls sp read  a t  45 , 
s imple  s t r a i g h t  e x t e n s i o n s  o f  t h e  e n t r a n c e  s e c t i o n  and one e x t e n s i o n  

c a u s i n g  f low t o  e n t e r  from one s i d e )  were t e s t e d  f o r  a  midrange 

head o f  l , 2  f t .  E f f e c t s  of a l l  c o n d i t i o n s  were n o t i c e a b l e  but  l e s s  

t h a n  1 p e r c e n t ,  

7 ,  E f f e c t s  o f a d d i t i o n a l  d i v e r g e n t  s e c t i o n s :  F r e q u e n t l y  i t  - 
may be d e s i r a b l e  t o  a t t e m p t  t o  recover  some head by c o n s t r u c t i n g  

d ivergence  s e c t i o n s  t o  add t o  t h e  domstrearn  end of t h e  f lume, Two 

flumes were p laced  end- to-cad w i t h  one of t h e  t h r o a t  s e c t i o n s  d i s g a r d e d ,  

making a  f i v e - s e c t i o n  flume combination. ,  A  flow dep th  was chosen t o  

a s s u r e  adequa te  t h r o a t  l e n g t h ,  The downstream s e c t i o n  was removed 

w h i l e  t h e  f low was p e r m i t t e d  Lo c o n t i n u e  u n i n t e r r u p t e d ,  and  was a g a i n  

r e p l a c e d  under t h e  same f low c o n d i t i o n s .  The head d e t e c t e d  i n  t h e  

s t i l l i n g  w e l l  remained unchanged. T h i s  i n d i c a t e d  t h a t ,  i f  t h e  t h r o a t  

l e n g t h  i s  adequa te ,  no d i f f e r e n c e s  shou ld  be no ted  between t h e  f r e e -  

f a l l  c o n d i t i o n  and t h e  d i v e r g e n t - s e c t i o n  c o n d i t i o n ,  

8, - E f f e c t  of submergence: With t h e  d i v e r g e n t  s e c t i o n s  i n  p l a c e ,  

downstream o b s t r u c t i o n s  were i n t r o d u c e d  t a  cause  backwater and t o  p r e -  

v e n t  f r e e ,  v e n t i l a t e d  d i s c h a r g e ,  Again, heads  were chosen t o  p rov ide  

adequa te  t h r o a t  l e n g t h  of a t  l e a s t  2H.  The lowest  head was 0 .38  E t  

and t h e  h i g h e s t  was 0.95 f t .  The r a t i o  of downstream d e p t h  t o  up- 

s t ream dep th ,  when submergence e k f e c t s  were no ted  by a  change i n  t h e  

s t i l l i n g  w e l l  r ead ing ,  was approx imate ly  0 ,90 ,  f o r  a l l  f l o w  r a t e s ,  

The t h e o r e t i c a l  v a l u e  i s  0 .80 B, i n d i c a t i n g  t h a t  some head i s  r e -  

covered wi thou t  c a u s i n g  submergence. 

60' T h r o a t ,  Small  Flumes. These a r e  s i m i l a r  t o  t h e  l a r g e r  s i z e :  

but a t  one- four th  scale. They were chosen t o  be used on smal l  runof f  

p l o t s  and t o  p rov ide  a  means o f  checking i n c o n s i s t e n c i e s  r e p o r t e d  by 

Robinson (4) on flumes of t h e  same s i z e ,  Be no ted  a  s u b s t a n t i a l  d i f -  

f e r e n c e  i n  c a l i b r a t i o n  when d ivergence  s e c t i o n s  were added. Th is  

might be exp la ined  by t h e  l i k e l i h o o d  t h a t ,  because  of t h e i r  s m a l l  s i z e s ,  
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t h e  o b s e r v a t i o n s  r e p o r t e d  were Lor 11eads which exceeded t h e  reconl- 

mended dep th  f o r  t h e  s h o r t  t h r o a t  l e n g t h .  

SlJMMARY AND CONCLUSIO 

I n c r e a s i n g  a t t e n t i o n  to rneasurctnent of water  i n  i r r i g a t i o n  

channe l s  and from s m a l l  wa te r sheds  has s t i m u l a t e d  new i n t e r e s t  i n  

c r i t i c a l  dep th  f lumes.  While much of t h e  b a s i c  t h e o r y  has  been long 

known, t h e  s t a g e - d i s c h a r g e  r e l a t i o n s  a r e  s t i l l  g e n e r a l l y  determined 

e m p i r i c a l l y  because t h e  a p p l i c a t i o n  of t h e  t h e o r e t i c a l  knowledge i s  

t e d i o u s  and r e q u i r e s  d e t a i l e d  computa t ions ,  Computers can now p r o v i d e  

t h e  means t o  a p p l y  t h e  t h e o r e t i c a l  knowledge r o u t i n e l y ,  

S e v e r a l  flume d e s i g n  f e a t u r e s  r e q u i r e d  f u r t h e r  s t u d y .  Among 

t h e s e  a r e  flume t h r o a t  l e n g t h  and i t s  r e l a t i o n s h i p  t o  f low d e p t h ,  

methods t o  i m u r e  p a r a l l e l  f low a t  appropr iaLe  l o c a t i o n s  i n  o r d e r  t o  

a v o i d  having ts e s t i m a t e  c o e f f i c i e n t s  t o  account  f o r  c u r v i n g  f low 

l i n e s ,  and e f f e c t s  o f  f r i c t i o n  l o s s e s  i n  t h e  flume t h r o a t ,  

T h e o r e t i c a l  e q u a t i o n s  f o r  t h e  s t a g e - d i s c h a r g e  r e l a t i o n  i n  t r a p -  

e z o i d a l - t h r o a t e d  flumes were d e r i v e d  which a r e  a l s o  a p p l i c a b l e  t o  

r e c t a n g u l a r  and t r i a n g u l a r  t h r o a t s .  The e q u a t i o n s  a r e  i m p l i c i t  i n  

b o t h  d i s c h a r g e  r a t e  and f low dep th ,  and must be s o l v e d  i t e r a t i v e l y .  

Four s i z e s  o f  f lumes w i t h  t r i a n g u l a r  t h r o a t s  have been c o n s t r u c t e d  

and two of t h e s e  have been checked i n  t h e  l a b o r a t o r y .  T h e  t h e o r e t i c a l  

c a l i b r a t i o n  and t h e  l a b o r a t o r y  r a t i n g  curves  a g r e e d  w e l l  excep t  a t  

h i g h  f low r a t e s .  The d e v i a t i o n  was a t t r i b u t e d  t o  i n s u f f i c i e n t  t h r o a t  

l e n g t h ,  which was l e s s  t h a n  2 t imes  t h e  head,  t h e  v a l u e  recommended 

by p rev ious  i n v e s t i g a t o r s .  

The flumes should be i n s t a l l e d  l e v e l  when p o s s i b l e ,  Negat ive ,  o r  

a d v e r s e ,  s l o p e  has  about  h a l f  t h e  i n f l u e n c e  on t h e  c a l i b r a t i o n  a s  

p o s i t i v e  flume s lope .  
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TITLE: WATERPROOFING OF SOILS - AN EVALUATION OF TREATMENTS AND 

INFLUENCING FACTORS 

LINE PROJECT: SWC vII-gG4 CODE NO.: Ariz.-WCL-49 

INTRODUCTION : 

Large  p o r t i o n s  of t h e  e a r t h ' s  l a n d  a r e a  s u f f e r  from a  w a t e r  

imbalance,  whereby t h e  p o t e n t i a l  w a t e r  l o s s  through e v a p o t r a n s p i r a t i o n  

exceeds  t h e  n a t u r a l  r a i n f a l l ,  I n  d e s e r t  and s e m i d e s e r t  a r e a s ,  

most of t h e  r a t h e r  l i m i t e d  r a i n f a l l  i s  r a p i d l y  soaked up by t h e  

d r y  upper  s o i l  l a y e r s ,  on ly  t o  be q u i c k l y  re -evapora ted  and l o s t  

i n t o  t h e  atmosphere.  I n t e n s i v e  u t i l i z a t i o n  of t h e s e  l a n d  a r e a s  

has ,  i n  t h e  p a s t ,  been p o s s i b l e  o n l y  th rough  i m p o r t a t i o n  of w a t e r  

s u p p l i e s .  However, i f  t h e  s o i l s  i n  t h e s e  a r e a s  cou ld  be  w a t e r -  

p roofed  s o  a s  t o  p r e v e n t  t h i s  w a s t e f u l  i n f i l t r a t i o n ,  t h e  r e s u l t i n g  

i n c r e a s e d  runof f  cou ld  p r o v i d e  a v e r y  s u b s t a n t i a l  new w a t e r  s o u r c e .  

One promis ing t e c h n i q u e  f o r  do ing  t h i s  is  t o  make t h e  s o i l  

w a t e r  r e p e l l e n t  by a p p l y i n g  monolayer coverages  of  low s u r f a c e  

energy,  o r g a n i c  a d d i t i v e s  ( s e e  Annual Repor t  - WCL-7). These 

a d d i t i v e s  a r e  n o t  r e a d i l y  w e t t e d  by wa te r ,  and s i n c e  t h e  c o h e s i o n a l  

f o r c e s  of t h e  w a t e r  exceed t h e  a d h e s i o n a l  f o r c e s  of t h e  w a t e r  f o r  

t h e  t r e a t e d  s o i l  s u r f a c e ,  t h e  w a t e r  " b a l l s  up" and r u n s  o f f ,  

P r e l i m i n a r y  exper iments  u s i n g  s i l i c o n e  a d d i t i v e s  have shown 

e x c e p t i o n a l  promise.  Runoff y i e l d s  from e x p e r i m e n t a l  p l o t s  have 

been h igh .  -The a d d i t i v e s  a r e  e a s y  t o  a p p l y  and a r e  r e l a t i v e l y  

inexpens ive .  However, i n f o r m a t i o n  on expec ted  performance of 

t h e s e  w a t e r p r o o f i n g  a g e n t s  based on t h e i r  chemical  and p h y s i c a l  

p r o p e r t i e s  and t h o s e  of t h e  s o i l  t o  which t h e y  a r e  a p p l i e d ,  i s  

l a r g e l y  l a c k i n g .  Fur thermore ,  l a b o r a t o r y  methods f o r  o b t a i n i n g  

t h i s  in fo rmat  ion  q u i c k l y  and i n e x p e n s i v e l y  a l s o  a r e  l a c k i n g .  

The immediate o b j e c t i v e  of t h i s  p r o j e c t  has  been t o  deve lop  

e x p e r i m e n t a l  t e c h n i q u e s  f o r  q u a n t i t a t i v e l y  e v a l u a t i n g  t h e  w a t e r -  

r e p e l l e n c y  of t r e a t e d  s o i l s ,  Wate r - repe l l ency  f o r  s o i l s  means 

t h e y  w i l l  shed wa te r ,  b u t  t h e  term i m p l i e s  t h a t  i f  s u f f i c i e n t  
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p o s i t i v e  p r e s s u r e  i s  a p p l i e d  t o  w a t e r  a t  t h e  porous,  s o l i d - l i q u i d  

i n t e r f a c e ,  t h e  w a t e r  can  be  f o r c e d  i n t o  t h e  c a p i l l a r y  sys tem of 

t h e  s o i l ,  T h i s  p r e s s u r e  may be m a t h e m a t i c a l l y  d e s c r i b e d  i n  

terms of  t h e  i n f l u e n c i n g  pa ramete r s :  

2y cos  0 
P  = r 

where 7 i s  t h e  s u r f a c e  t e n s i o n  of t h e  wa te r ,  0 i s  t h e  advancing 

c o n t a c t  a n g l e  a t  t h e  w a t e r - s o i l  i n t e r f a c e ,  and r is  t h e  e f f e c t i v e  

c a p i l l a r y  r a d i u s  of t h e  s o i l ,  P r e l i m i n a r y  e x p e r i m e n t a t i o n  has  

been d i r e c t e d  a t  e f f e c t i v e l y  measur ing t h i s  t ' b r e a k t h r o u g l ~ t '  p r e s s u r e ,  

P, f o r  t r e a t e d  s o i l s ,  

PROCEDURE : 

P r e l i m i n a r y  exper imenta l  r e s u l t s  s u g g e s t  t h a t  tlhe f o l l o w i n g  

p rocedure  w i l l  e f f e c t i v e l y  measure t h e  b reak th rough  p r e s s u r e  of 

w a t e r  i n t o  w a t e r - r e p e l l e n t  s o i l s .  E s s e n t i a l s  of t h e  a p p a r a t u s  

a r e  shown i n  F i g u r e  1, The s o i l  c o n t a i n e r  i s  a l u c i t e  c y l i n d e r  

2 i n c h e s  wide by 2  1 / 2  i n c h e s  long,  cemented t o  a  l u c i t e  base .  A 

Pyrex g l a s s  immersion t u b e  hav ing  a  30 mm f r i t t e d  g l a s s  d i s k  of  

10-15p pore  s i z e  was s n u g l y  f i t t e d  th rough  a  h o l e  a t  t h e  c e n t e r  

of t h e  l u c i t e  base ,  and then p a r a f f i n e d  on t h e  s i d e s .  P l a s t i c  

t u b i n g  connec t s  t h e  immersion t u b e  t o  a  g l a s s  s t a n d p i p e ,  which i n  

t u r n  i s  f i r m l y  mounted a g a i n s t  a  me te r  s t i c k .  S e v e n t y - f i v e  g  of 

w a t e r - r e p e l l e n t  s o i l  i s  poured i n t o  t h e  l u c i t e  c y l i n d e r  ( t h i s  i s  

s u f f i c i e n t  t o  cover  t h e  immersion tube  t o  s e v e r a l  cm) and i s  

un i fo rmly  packed by d ropp ing  a  240 g  we igh t  o n t o  t h e  s o i l  t e n  

t imes  from a  h e i g h t  of 33 cm. Water is  then  d r i p p e d  i n t o  t h e  

s t a n d p i p e  a t  a  uniform r a t e .  The w a t e r  r i s e s  i n  t h e  s t a n d p i p e  and 

t h e  immersion tube  u n t i l  i t  r e a c h e s  t h e  w a t e r - r e p e l l e n t  s o i l .  

A f t e r  t h i s  p o i n t  i s  reached,  t h e  r a t e  of  r i s e  of w a t e r  i n  t h e  

s t a n d p i p e  becomes l i n e a r  u n t i l  t h e  b reak th rough  p r e s s u r e  of t h e  

s o i l  is  reached.  T h i s  p o i n t  i s  determined from a  p l o t  of w a t e r  

head v e r s u s  t ime.  
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The s o i l  s e l e c t e d  f o r  t e s t i n g  t h e  u t i l i t y  of t he  appara tus  

was Pachappa loam. The p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h i s  s o i l  

has  been publ ished ( I ) ,  The s o i l  was made water  r e p e l l e n t  w i th  

a  s u r f a c e  a p p l i c a t i o n  of Union Carbide R-20 S i l i cone ,  mixed w i t h  

t h e  s o i l  from a  10 percent  acqueous s o l u t i o n  a t  t h e  r a t e  of 0 , l  g  

R-20 per  100 g s o i l .  The t r e a t e d  s o i l  was d r i e d  and s ieved  

i n t o  t he  fo l lowing  mesh s i z e  d i s t r i b u t i o n s :  <40, 40-60, 60-140, 

and >I40 mesh. 

The appara tus  a l s o  has been t e s t e d  on a  n a t u r a l  wa te r - r epe l l en t  

s o i l  from a  w i l d f i r e  a r e a  i n  the  chapa r r a l  f o r e s t s  of sou thern  

C a l i f o r n i a  ( 2 ) , .  The water - repe l lency  of t he se  s o i l s  appa ren t ly  

de r ives  from n a t u r a l  o rganics  d i s t i l l e d  onto t h e  s o i l  by t h e  hea t  

of t h e  f i r e .  

RESULTS-AND DISCUSSION: 

Typical  curves  of i nc reas ing  water  head versus  time f o r  t h e  

w a t e r - r e p < l l e n t  Pachappa s o i l  appear i n  Figure 2. A f t e r  t he  

immersion tube i s  f i l l e d  w i t h  water ,  t he  p l o t  of water  head (h  ) 
W 

versus  time becomes l i n e a r ,  t he  r a t e  of i nc rease  depending s o l e l y  

on the  r a t e  of water  a d d i t i o n  and the  c r o s s - s e c t i o n a l  a r e a  of 

the  s tandpipe.  The p l o t  remains l i n e a r  u n t i l  t he  breakthrough 

p re s su re  of t he  s o i l  i s  reached,  

The compiled r e s u l t s  f o r  t h e  pre l iminary  t e s t i n g  of the  

appara tus  f o r  t h e  measurement of breakthrough p re s su re  appear 

i n  Table 1, The t e s t i n g  was done on a  wa te r - r epe l l en t ,  f r a c t i o n a t e d  

s e r i e s  of Pachappa s o i l  and on a  C a l i f o r n i a  s o i l .  The s t anda rd  

e r r o r  of observa t ion  (a) i s  low enough t o  g ive  a  f a i r  degree of 

confidence f o r  t h e  cont inued use of t he  method, 

These r e s u l t s  show t h a t  t he  breakthrough p re s su re  i s  

i nve r se ly  r e l a t e d  t o  t h e  s o i l  p a r t i c l e  s i z e .  This ,  of course,  i s  

p r ed i c t ed  by t h e  equa t ion  f o r  breakthrough p re s su re  (equa t ion  I ) ,  
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which when w r i t t e n  i n  terms of b reak th rough  head f o r  w a t e r  ( h  ) 
w 

As p a r t i c l e  s i z e  d e c r e a s e s ,  s o  does t h e  e f f e c t i v e  r a d i u s  r .  Cos O 

a l s o  is  a f f e c t e d  by t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  s i n c e  the  

c o n t a c t  a n g l e  n o t  o n l y  depends on t h e  s u r f a c e  energy of t h e  t r e a t e d  

s o i l  s u r f a c e ,  b u t  a l s o  depends on t h e  roughness  of t h e  s o i l -  

w a t e r  i n t e r f a c e .  The rougher  t h e  s u r f a c e ,  t h e  more n e g a t i v e  cos  o 
becomes ( f o r  90°< f3 < 180°).  S i n c e  0 and r a r e  b o t h  r e l a t e d  t o  

p a r t i c l e  s i z e ,  they,  undoubtedly ,  a r e  a l s o  b o t h  i n f l u e n c e d  by 

b u l k  d e n s i t y ,  and, a s  such,  a r e  c e r t a i n l y  i n f l u e n c e d  by sample 

p r e p a r a t i o n  t echn iques ,  e .  g . ,  packing procedures .  T h e r e f o r e ,  t o  

g e t  r e p e a t a b i l i t y  i n  t h e  d e t e r m i n a t i o n  of h  i t  w i l l  be n e c e s s a r y  
W' 

t o  m a i n t a i n  s t r i c t  u n i f o r m i t y  i n  sample p r e p a r a t i o n .  

SUMMARY : 

A t echn ique  has  been developed t o  q u a n t i t a t i v e l y  e v a l u a t e  

w a t e r - r e p e l l e n c y  of s o i l s  t r e a t e d  w i t h  o r g a n i c  chemical  a d d i t i v e s ,  

The t e c h n i q u e  i s  based on t h e  c h a r a c t e r i s t i c  of w a t e r  r e p e l l e n t  

s o i l s  t h a t  even though they  shed w a t e r ,  i , e . ,  t h e  c o n t a c t  a n g l e  
0 

a t  t h e  w a t e r - s o i l  i n t e r f a c e  i s  g r e a t e r  than  90 , t h e y  s t i l l  

m a i n t a i n  a  porous n a t u r e  and t h e r e f o r e ,  i f  s u f f i c i e n t  p r e s s u r e  i s  

a p p l i e d ,  w a t e r  can be f o r c e d  i n t o  t h e  s o i l  c a p i l l a r y  sys tem.  Th i s  

p r e s s u r e  c a l l e d  t h e  b reak th rough  p r e s s u r e  may be  d e s c r i b e d  by 

t h e  r e l a t i o n  

where t h e  p r e s s u r e  i s  h e r e  d e s c r i b e d  i n  terms of a  b r e a k t h r o u g h  

head of wa te r ,  
hw' 

and where 7 is  t h e  s u r f a c e  t e n s i o n  of t h e  wa te r ,  

0 i s  t h e  c o n t a c t  a n g l e  of  t h e  w a t e r  a t  t h e  s o i l - w a t e r  i n t e r f a c e , r  i s  
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t h e  e f f e c t i v e  s o i l  c a p i l l a r y  r a d i u s  Pw i s  t h e  d e n s i t y  of wa te r ,  

and g  i s  t h e  g r a v i t y .  

It has  been found t h a t  t h e  b reak through  head, hw, may be 

determined from p l o t s  of i n c r e a s i n g  w a t e r  head v e r s u s  t ime. 

Adding wate r  a t  a  c o n s t a n t  r a t e  t o  a  s t a n d p i p e  d i r e c t l y  connected 

t o  t h e  w a t e r - r e p e l l e n t  s o i l  r e s u l t s  i n  a  l i n e a r  r a t e  of i n c r e a s e  

of p r e s s u r e  head u n t i l  t h e  b reak through  p r e s s u r e  of t h e  s o i l  i s  

exceeded, a f t e r  which t h e  r a t e  of p r e s s u r e  head i n c r e a s e  d e c r e a s e s ,  

P r e l i m i n a r y  r e s u l t s  u s i n g  a  Pachappa s o i l  t r e a t e d  w i t h  a  

s i l i c o n e  a d d i t i v e  show t h a t  h  may be determined w i t h  s u f f i c i e n t  
W 

r e p e a t a b i l i t y  such  t h a t  t h e  s t a n d a r d  e r r o r  of measurement i s  l e s s  

than  10 p e r c e n t  of t h e  t r u e  v a l u e .  Such accuracy  shou ld  s u f f i c e  

f o r . e v a l u a t i n g  s o i l - w a t e r - r e p e l l e n c y  t r e a t m e n t s .  
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Table 1, Breakthrough heads (h ) oE water  a t  t he  wa te r - so i l  w 
i n t e r f a c e  of w a t e r - r e p e l l e n t  s o i l s .  

S o i l  Pachappa C a l i f o r n i a  

Mesh S ize  < 40 40-60 60-140 > 140 < 1 mm 

h  = average water  breakthrough head 
W 

n = number samples run 

a = s tandard  e r r o r  of an observa t ion  
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F i g u r e  I. Apparatus  f o r  measur ing b reak th rough  p r e s s u r e s  of wa te r -  

r e p e l l e n t  s o i l s .  
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Figure 2 ,  Typical plots of increasing water head versus time used in 

determination of breakthrough head (h w ) of water-repellent 

soils. 
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TITLE: USE OF FLOATING MATERIALS TO REDUCE EVAPORATION 

LINE PROJECT: SWC-VII-gG2 Code No.: Ariz.-WCL-50 

IrnODUCTION: 

Previous s t u d i e s  on 2 . 7  m diameter tanks have shown i t  i s  economi- 

c a l l y  poss ib l e  t o  reduce evaporat ion wi th  f l o a t i n g  covers  made from 

p l a s t i c  o r  rubber shee t ing .  (See 1965 Annual Report WCL-9.) Because 

these  m a t e r i a l s  a r e  very  l i g h t ,  i t  is poss ib l e  t he  covers  could be 

damaged o r  blown o f f ,  p a r t i c u l a r l y  when covering l a r g e r  a r eas .  Pre- 

l iminary s t u d i e s  were conducted t o  eva lua t e  t he  des ign  and performance 

of l a r g e  f l o a t i n g  covers  under f i e l d  cond i t i ons .  

S tudies  were conducted on eva lua t ion  of the  long-term e f f e c t  of 

f l o a t i n g  whi te  granular  ma te r i a l s  which reduce evaporat ion by r e f l e c t -  

ing s o l a r  r a d i a t i o n  and reducing water temperature.  The e f f e c t  of 

wind moving the  ma te r i a l s  and t h e  r e s u l t i n g  e f f e c t  on evaporat ion 

reduct ion  was s tud ied  on a  l i n e d  pond a t  t he  Crani te  Reef t e s t i n g  s i t e .  

A prel iminary i n v e s t i g a t i o n  was i n i t i a t e d  on the use  of l i g h t -  

weight f l o a t i n g  concre te  blocks f o r  reducing evaporat ion.  

PROCEDURE : 

Procedures were the  same a s  ou t l i ned  i n  t he  1965 Annual Report ,  

WCL-9, wi th  the  fol lowing add i t i ons .  

Two covers of 6.4 mm t h i c k ,  white  foamed polyethylene were con- 

s t r u c t e d .  A design was developed whereby the  edges of t h e  covers  a r e  

held i n  con tac t  with the  water ,  thus reducing the  p o s s i b i l i t y  of wind 

damage. The covers  a r e  made i n  6 m square  s e c t i o n s  and then t i e d  

toge ther  f o r  l a r g e r  a r eas .  The covers  were placed on a 12 x 30 m 

l i ned  pond a t  the  Grani te  Reef t e s t i n g  s i t e .  The movement of the 

cover by wind i s  being observed and the  windspeed and d i r e c t i o n  a r e  

being recorded wi th  a  mu l t ipo in t  recorder  a t  30 min i n t e r v a l s .  

The e f f e c t  on evaporat ion of the r e l a t i v e  s i z e  of cover t o  water  

su r f ace  a rea  was s tud ied  on the  2.7 m diameter tanks. Three cove r s ,  

2.59 m diameter ,  1.95 m d iameter ,  and 1.32 x 1.32 m squa re ,  covering 

92.1,  52.1, and 30.6 percent  of the  a r e a ,  r e s p e c t i v e l y ,  were con- 

s t r u c t e d .  The evaporat ion compared t o  an uncovered tank was recorded 

on waters tage  r eco rde r s .  
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The long-term e f f e c t i v e n e s s  of expanded p e r l i t e  ore  p a r t i c l e s  was 

evaluated on the  2 . 7  m diameter tanks.  The e f f e c t  of wind moving t h e  

p e r l i t e  was s tud ied  on the  l i ned  pond a t  Grani te  Reef. The pond had 

previously been c a l i b r a t e d  a g a i n s t  two buried Young evaporat ion pans .  

The pond was then covered with the  p e r l i t e  and the  reduct ion  i n  r v a p o -  

r a t i o n  a s  compared t o  t he  evaporat ion pans was determined. A t  the 

same t ime,  t he  windspeed and d i r e c t i o n  was cont inuously recorded with 

a  mu l t ipo in t  s t r i p  c h a r t  recorder .  

Various types and propor t ions  of aggregate  m a t e r i a l s  f o r  low-cost 

f l o a t i n g  concre te  blocks were inves t iga t ed .  Half of the  most promis- 

ing  blocks were coated on t h e  s i d e s  and bottom with an a spha l t - c l ay  

emulsion a f t e r  they had cured f o r  two t o  t h r e e  weeks. Af t e r  the  

a s p h a l t  had d r i e d , t h e s e  blocks and the  un t r ea t ed  ones were placed on a  

tank of water t o  eva lua t e  t h e i r  f l o a t i n g ,  water abso rp t ion ,  and o the r  

physical  p rope r t i e s .  

RESULTS AND DISCUSSION: 

Foamed Polyethylene. The two foamed polyethylene covers  i n s t a l l e d  

a t  Grani te  Reef i n  December 1966 have been subjec ted  t o  winds up t o  25 

mph with no apparent  d i f f i c u l t i e s .  During the  period the covers  have 

been on the  pond, r a i n f a l l  followed by f r eez ing  temperatures have been  

encountered wi th  only minor problems. Ra in fa l l  c o l l e c t e d  on the  cove r ,  

and four  small  ho les  were necessary on each cover t o  al low t h i s  water 

t o  d ra in .  Because of t he  low evaporat ion r a t e ,  t he  e f f e c t i v e n e s s  of 

t h e  cover t o  reduce evaporat ion was not  determined. 

During the  sp r ing  and summer of 1966, s t u d i e s  on the 2.7 m diarne- 

t e r  tanks with covers  of d i f f e r e n t  s i z e s  showed the  reduct ion  i n  

evaporat ion is not  equal t o  t he  a r ea  covered. With 9 2  percent  of the  

a r e a  covered the  reduct ion  was 90 percent ;  wi th  52 percent  of t he  a r e a  

covered the  reduct ion  was 43 percent ;  and a  square shee t  covering 31 

percent  of t he  a r e a  reduced evaporat ion 25 percent .  The d a i l y  untreated 
- 1 

evaporat ion r a t e  was 2-6 mm day . Fur ther  s t u d i e s  w i l l  be conducted 

t o  determine the  e f f e c t  of shape and percent  coverage. 
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Floa t ing  Powders. A s tudy  was conducted from 26 January 1966 t o  

2 1  June 1966 t o  eva lua t e  t h e  long term e f f e c t i v e n e s s  of t h e  p e r l i t e  

o r e  f o r  reducing evaporat ion.  Approximately 2500 grams of p e r l i t e  was 

placed on a  tank. This i n i t i a l l y  reduced evaporat ion by 30 - 35 per-  

cen t .  Five months l a t e r  t h e  reduct ion  was 10 percent .  A t  t h i s  time 

the  remaining p e r l i t e  was removed, d r i ed  and weighed. A t o t a l  of 994 

grams of d i sco lo red  p e r l i t e  and a  small  amount of d e b r i s  was c o l l e c t e d .  

During t h i s  per iod 60 percent  of t he  p e r l i t e  had been l o s t ,  The un- 
- 1 

t r e a t e d  evaporat ion r a t e  was 2 mm day i n i t i a l l y  and increased t o  
- 1 

6 mm day a t  t he  end of t he  s tudy .  

A s tudy  a t  the  Grani te  Reef t e s t i n g  s i t e  was conducted from 

19 October 1966 t o  6 December 1966. S u f f i c i e n t  p e r l i t e  was added t o  

t he  water f o r  complete coverage. The r educ t ion  f o r  the  period com- 

pared t o  t he  evaporat ion pans was 30 - 40 percent .  This includes 

periods when 20 - 50 percent  of t he  a r e a  was uncovered because of  wind 
- 1 

moving the p e r l i t e .  The un t r ea t ed  evaporat ion r a t e  was 3 - 5 mm day . 
It was observed a s  the  wind decreased the  m a t e r i a l  would respread  

i t s e l f .  Also the p e r l i t e  used is be l ieved  t o  have been of  i n f e r i o r  

q u a l i t y .  It is est imated t h a t  50 percent  sank i n  the  f i r s t  two days. 

F loa t ing  Concrete Blocks. The a b i l i t y  of concre te  blocks t o  

f l o a t  has been t h e  main concern t o  t h i s  po in t ;  t h e r e f o r e ,  on ly  the  

f l o a t i n g  c h a r a c t e r i s t i c s ,  genera l  t e x t u r e  and appearance have been 

t e s t e d  t o  da te .  Evaporation suppress ion  has no t  been eva lua ted  due t o  

low r a t e s  of evaporat ion during the  win ter  months. 

Some of t he  blocks have been f l o a t i n g  f o r  over two months and i t  

appears  t h a t  they w i l l  cont inue  t o  do so .  

The use of expanded 0 .3  mm average diameter p e r l i t e  o r e  a s  the 

main aggregate  produces t h e  b e s t  r e s u l t s .  Tes t s  t o  d a t e  do not  i nd i -  

c a t e  any b e n e f i t  der ived from the  a s p h a l t  coa t ings .  

SUMMARY AND CONCLUSIONS: 

S tudies  were cont inued on f l o a t i n g  covers  cons t ruc ted  of 6.4 mm 

t h i c k ,  white  foamed polyethylene f o r  reducing evaporat ion.  Present  6 m 

square  covers  wi th  weighted edges have been subjec ted  t o  winds up t o  
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h wi th  no damage, Small holes  loca ted  a t  s e l e c t e d  p a i n t s  nn t h e  

covers  a r e  al lowing r a i n  water t o  d r a i n  through the  cover ,  Crsntinlked 

s t u d i e s  w i l l  eva lua t e  t reatments  t o  p ro t ec t  the shee t ing  from weather- 

i ng ,  and a l s o  d u r a b i l i t y  of he present  design under f i e l d  cond i t i ons ,  

Limited s t u d i e s  wi th  f l o a t i n g  covers  on 2.7 m diameter tanks have 

shown the  reduct ion  i n  evapora t ion  i s  l e s s  than t h e  percentage o f  area 

covered, Further  s t u d i e s  w i l l  be conducted t o  eva lua t e  the e f f e c t  of 

e on evaporat ion reduct ion ,  

S tudies  on t h e  long-term e f f e c t  o f  p e r l i t e  o r e  on t h e  2 . 7  m diame-  

t e r  tanks sho ed evapora t ion  was i n i t i a l l y  reduced by 30 - 35 perccnt ,  

f t e r  f i v e  months the  evaporat ion r educ t ion  was 10 percent .  Il 'ntrt~ated - 1 
evapora t ion  was 2 - 6 nmn day for  the  period.  r i n g  t h i s  time 40 

percent  of the  p e r l i t e  was blown o f f  o r  sank. A t e s t  on a 12 x 30 m 

l i n e d  pond a t  Grani te  Reef f o r  two months showed the  p e r l i t e  would 

o r a t i o n  30 - 40 percent ,  This included periods when 20 - 
50 percent  of the  pond was uncovered because of wind moving thc  covr r .  

Concrete blocks have been developed which f l o a t  an a water  su r -  

face .  Prel iminary s t u d i e s  i n d i c a t e  t he  blocks w i l l  f l o a t  fo r  some 

t ime,  and because of t h e i r  l i g h t  co lo r  and nontransparency,  they 

should reduce the  water temperature and evaporat ion,  Aarther  s t u d i e s  

w i l l  be conducted t o  determine evaporat ion reduct ion  e f f i c i e n c y ,  c o s t ,  

most d e s i r a b l e  r a t i o  of c o n s t i t u e n t s ,  and value of p r o t e c t i v e  coa t ings .  

Large s c a l e  i n v e s t i g a t i o n s  w i l l  a l s o  be conducted t o  determine dura- 

b i l i t y  and e f f i c i e n c y  under f i e l d  cond i t i ons .  

SONNEL: K. R. Cooley. 
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