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PREFACE 

1 

Th is  i n t e r i m  t e r m i n a t i o n  r e p o r t  covers the  p e r i o d  f rom Ap r i  1 ,  

1 1965, through June 1 ,  1966, on the  p r o j e c t  " I n f l uence  o f  Turbulence on 

Sur face Reaerat ion. "  Th is  p r o j e c t  has been sponsored i n  p a r t  by t he  U. S. 
i 

I Department o f  the  I n t e r i o r ,  O f f  i c e  o f  Water Resources Research, and the 

1 Water Resources Center, U n i v e r s i t y  o f  I l l i n o i s ,  as au tho r i zed  under the  

I 
Water Resources Research Act  o f  1964, Pub1 i c  Law 88-379. The Department 

, 
o f  C i v i l  Engineer ing,  U n i v e r s i t y  o f  I l l i n o i s ,  a l s o  c o n t r i b u t e d  t o  the  sup- 

i 

p o r t  o f  t h i s  p r o j e c t .  
I 

Renewal o f  t he  p r o j e c t  f o r  f e y .  1967 had a l r e a d y  been g ran ted  

I by t he  Water Resources Center when the p r i n c i p a l  i n v e s t i g a t o r  rece ived  

approva l  t o  accept a  temporary p o s i t i o n  under the  Ford Foundat ion 's  pro-  

I 
I gram o f  Facu l t y  Residencies i n  Eng ineer ing  P rac t i ce ,  Th is  p o s i t i o n  r equ i r ed  
I 

him t o  be away from the  U n i v e r s i t y  from June, 1966, u n t i l  September, 1967. 
i 

I Thus, t h i s  r e p o r t  covers progress made be fo re  t he  p r i n c i p a l  i n v e s t i g a t o r ' s  

depar tu re .  A  proposal  has been submi t ted  f o r  a  c o n t i n u a t i o n  o f  t h i s  p r o j e c t  
1 

j' 
d u r i n g  t he  1967-68 academic year .  OF the  proposal  i s  approved, a f i n a l  re -  

I p o r t  w i l l  be prepared a t  the  t e r m i n a t i o n  o f  the  p r o j e c t .  
1 

Th is  r e p o r t  covers p r i r r ~ a r i l y  the  exper imenta l  work which has been 

done. Most o f  t he  t h e o r e t i c a l  work i s  incomplete  a t  t h i s  t ime  and t he re fo re  

?, 
w i l l  o n l y  be d iscussed i n  the  f i n a l  r e p o r t .  

Since t h i s  i s  an i n t e r i m  r e p o r t ,  no conc lus ions  a r e  presented.  
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ABSTRACT 

Some numerical  methods a re  b r i e f l y  descr ibed  f o r  de te rmin ing  

v e r t i c a l  d i f f u s i o n  c o e f f i c i e n t s  as a f u n c t i o n  o f  v e r t i c a l  coord ina te  i n  

a  tu rbu lence  vessel where t he re  a re  no n e t  v e l o c i t i e s .  I t  i s  planned t o  

use t h i s  tu rbu lence  vessel and these numerical  methods t o  s tudy  i n  d e t a i l  

the  mechanics o f  d i f f u s i o n  o f  a  substance (analogous t o  oxygen) which i s  

absorbed a t  the f r e e  sur face.  

A h o t - f i l m  anemometer i s  t o  be used t o  make d i r e c t  measurement 

o f  tu rbu lence  parameters a f f e c t i n g  the d i f f u s i o n  process. The anemometer 

has been c a l i b r a t e d  i n  water  which was i n  s o l i d  body r o t a t i o n .  Some o f  

t>he d i f f i c u l t i e s  exper ienced w i t h  the  h o t - f i l m  sensor and the  c o r r e c t i v e  

measures which were used a re  discussed. Pre l  im inary  d i f f u s i o n  t e s t s  have 

been made i n  the  tu rbu lence  vessel  where tu rbu lence  i s  generated by ver -  

t i c a l l y  o s c i l l a t i n g  screens made o f  expanded meta l .  Some values o f  the  

v e r t i c a l  d i f f u s i o n  c o e f f i c i e n t  have been c a l c u l a t e d  from the da ta  f o r  two 

o f  these p r e l i m i n a r y  runs. 

Plans c a l l  f o r  making more d e t a i l e d  d i f f u s i o n  s tud ies  and f o r  

making d i r e c t  tu rbu lence  measurements i n  s tudy ing  su r f ace  reae ra t i on .  
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1 ) I NTRODUCP I ON 

The r i v e r s  and e s t u a r i e s  o f  ou r  coun t r y  a re  s e r v i n g  as a  d i sposa l  

p l ace  f o r  l a r g e  amounts o f  mun i c i ph l  and i n d u s t r i a l  waste m a t e r i a l s .  Often, 

someone downstream from a d isposa l  p o i n t  wishes t o  use the wate r  which has 

been contaminated. The amount o f  s e l f - p u r i f i c a t i o n  o f  the water  as i t  f lows  

i s  one o f  the  c o n t r o l l i n g  f a c t o r s  on the  amountof  p o l l u t a n t  which can be p u t  

i n t o  a  n a t u r a l  waterway o r  on the  use which can be made o f  the  water  down- . 

stream, Often d i sso l ved  oxygen i s  r e q u i r e d  t o  be p resen t  i n  the  water  f o r  

t h i s  p u r i f i c a t i o n  process t o  take p lace .  One s i g n i f i c a n t  source o f  d i s so l ved  

oxygen i s  su r f ace  reae ra t i on ,  t h a t  i s ,  t he  n a t u r a l  phenomenon o f  the  w a t e r ' s  

,absorb ing oxygen f rom the  atmosphere. 

Reaerat ion has been s t u d i e d  a t  l e a s t  s i nce  1925 when t he  p ioneer  

work o f  S t r e e t e r  and Phelps was repo r t ed  ( 1  ). Since t h a t  t ime  work on t h i s  

problem has con t inued  bo th  i n  the  f i e l d  and i n  t he  l a b o r a t o r y  w i t h  some o f  

the  more recen t  work r epo r t ed  i n  re ferences 2 through 10. A rev iew of  much 

o f  t h i s  work i s  presented i n  r e f .  7. Ow s p i t e  o f  a l l  t h i s  work, t he re  i s  

s t i l l  no g e n e r a l l y  a p p l i c a b l e  method t o  p r e d i c t  r e a e r a t i o n  r a tes  f rom mean 

f l o w  parameters (eag., v e l o c i t y ,  area, s t ream s lope,  bed roughness, e t c . ) .  

Before such a method can be produced, i t  seems e s s e n t i a l  t o  understand the  

f l u i d  mechanisms which i n f l u e n c e  reae ra t i on .  I t  has been recognized, a t  

l e a s t  s i nce  S t r e e t e r  and Phe lp ' s  work, t h a t  t he  tu rbu lence  which i s  p resen t  

i n  the  water  i s  one o f  the  f a c t o r s  i n f l u e n c i n g  r e a e r a t i o n  r a tes .  Po the  

w r i t e r s '  knowledge, no one has y e t  sought t o  observe i n  d e t a i l  what happens 

t o  a substance which i s  absorbed a t  the  f r e e  su r f ace  of  t u r b u l e n t  water  o r  

t o  measure t he  tu rbu lence  i t s e l f  and c o r r e l a t e  t u rbu lence  c h a r a c t e r i s t i c s  



w i t h  observed r e a e r a t i o n  r a tes .  I t  seems b e n e f i c i a l  t o  s tudy  the  mech- 

anisms which i n f l u e n c e  r e a e r a t i o n  so t h a t  they  can serve as a  bas i s  f o r  

seek ing a  r e l a t i o n  between mean f l o w  parameters and reae ra t  i o n  r a tes ,  

Thus, the o b j e c t i v e s  o f  t h i s  research a re  ( 1 )  t o  s tudy  the  de- 

t a i  1s o f  the downward t r a n s p o r t  ( d i f f u s i o n )  o f  a  substance which has been 

absorbed a t  the f r e e  su r f ace  o f  t u r b u l e n t  water  and (2 )  t o  measure d i r e c t l y  

the tu rbu lence  c h a r a c t e r i s t i c s  near the f r e e  su r f ace  o f  t u r b u l e n t  water .  

The most s i g n i f i c a n t  p a r t  o f  the  downward d i f f u s i o n  o f  d i s so l ved  . 

oxygen i n  t u r b u l e n t  water  i s  t h a t  which occurs  i n  the  few m i l l i m e t e r s  j u s t  

below the  water  su r face .  To the w r i  t e r s i  knowledge, t he re  i s  no sensor 

which i s  p h y s i c a l l y  smal l  enough t o  a l l o w  the r e s o l u t i o n  needed i n  measur ing 

, d i sso l ved  oxygen concen t ra t i ons  i n  t h i s  smal l  reg ion .  Since smal l  temper- 

a t u r e  sensors a re  a v a i l a b l e ,  hea t  i s  be ing  used as a  t r a c e r  t o  s tudy  the 

d i f f u s i o n  downward from a  f r e e  su r face .  A s i t u a t i o n  analogous t o  t h a t  f o r  

oxygen abso rp t i on  i s  c rea ted  f o r  the  l a b o r a t o r y  s tudy .  I n  a  vessel  where 

tu rbu lence  i s  a r t i f i c a l l y  generated i n  water,  the a i r  over  the  water  i s  

heated above the  water  temperature.  Th i s  temperature d  i f f e r e n c e  causes heat  

t o  be absorbed by the  water  a t  the  f r ee  sur face and d i f f u s e d  downward j u s t  as 

i t  occurs w i t h  oxygen i n  the  r e a e r a t i o n  process. The s ides  and bottom o f  

the  vessel  a re  i n s u l a t e d  t o  p reven t  heat  l oss .  Temperatures a re  measured 

i n  the  wa te r  as a  f u n c t i o n  o f  t ime and d i s t ance  below the  f r e e  su r f ace .  

Th is  d e t a i  l e d  temperature da ta  wi  1 1  be used t o  s t udy  the d i f f u s i o n  cha rac te r -  

i s t i c s .  Some da ta  has been ob ta ined  on temperature p r o f  I l e s  ( s e c t i o n  4.3) 

and some p r e l i m i n a r y  a n a l y s i s  o f  t h i s  da ta  has been done. Ot i s  a n t i c i -  

pa ted  t h a t  more da ta  w i l l  be c o l l e c t e d  and t h a t  more d e t a i l e d  a n a l y s i s  o f  

t he  da ta  w i l l  be undertaken. 



I t  i s  planned t o  use a  cons tan t  temperature h o t - f i  l m  anemometer 

t o  measure tu rbu lence  d i r e c t l y  i n  t he  r eg ion  immediately below the f r e e  sur -  

face, The anemometer has been c a l i b r a t e d  as d iscussed i n  s e c t i o n  3.2 b u t  no 

tu rbu lence  measurements have been made. 

2) SOME METHO~S FOR DETERM I N I NG THE D l FFUS l ON COE FF I C I ENT 

2.1) General Equat ion 

For the case o f  a  conse rva t i ve  substance which i s  absorbed a t  the 

f r e e  su r f ace  o f  t u r b u l e n t  water  and d i f f u s e d  downward i n  the absence of  any 

n e t  v e l o c i t i e s ,  the equa t ion  f o r  the  conse rva t i on  o f  t h a t  substance may be 

w r i t t e n  ( r e f .  1 1 ,  p .  627-9) as 

where c  i s  the  concen t ra t i on  o f  the  substance ( t u r b u l e n t  f l u c t u a t i o n s  hav- 

i n g  been averaged o u t ) ,  e  i s  the v e r t i c a l  d i f f u s i v i t y  f o r  the sublstance 
Y 

under cons ide ra t i on ,  y  i s  the v e r t i c a l  coo rd i na te  measured p o s i t i v e l y  up- 

ward from the  bot tom o f  the  water ,  and t i s  t ime. On t h i s  express ion,  e  
Y 

i s  cons idered  t o  be a  f u n c t i o n  o f  y .  I f  c  i s  measured as a  f u n c t i o n  o f  y  

and t, t h i s  da ta  may be used t o  c a l c u l a t e  the eddy d i f f u s i v i t y  and thereby  

g a i n  some i n s i g h t  i n t o  the  c h a r a c t e r i s t i c s  o f  the tu rbu lence  which i s  p r e -  

sent .  

2.2) F i n i t e  D i f f e rence  Method" 

Eqn. 2.1 may be viewed as an equa t i on  i n  y - t  space, and t h i s  space 

may be d i v i d e d  i n t o  a  g r i d  as shown i n  f i g .  2.1, w i t h  a  cons tan t  Ay and A t  



between the  g r i d  p o i n t s .  I f  e  i s  assumed t o  be cons tan t  over  the  smal l  
Y 

range o f  2Ay, eqn. 2.1 may be w r i t t e n  i n  approximate ( f i n i t e  d i f f e r e n c e )  

form u s i n g  values o f  c  a t  the  g r i d  p o i n t s :  

I n  t h i s  express ion,  the s u b s c r i p t s  i and j r e f e r ,  r e s p e c t i v e l y ,  t o  the 

va lues o f  y  and t a t  which c  i s  t o  be eva lua ted .  A fo rward  d i f f e r e n c e  was 

used t o  represen t  ac/a t ,  and a  fo rward  then a  backward d i  f f e rence  t o  rep- 

2  2  
resen t  a c/ay , Measured concen t ra t  ions may be used i n  eqn. 2.2 t o  s o l v e  

f o r  e  . Th is  method may be used under any cond i t i ons  f o r  which eqn. 2.1 
Y 

* i s  v a l i d ,  p rov ided  the  assumptions s t a t e d  above a re  acceptab le .  The l a r g e r  

Ay and A t  a re ,  the less  accura te  i s  the f i n i t e  d i f f e r e n c e  approx imat ion f o r  

the  d e r i v a t i v e s .  The sma l l e r  Ay and A t  a re ,  the  more da ta  has t o  be c o l -  

l e c ted .  



Fig.  2 .1:  F i n i t e  d i f f e r e n c e  g r i d  i n  y-t  space 

2 .3 )  In tegrat ion  Method 

2.3 .1)  General 

Eqn. 2.1 may be integrated w i t h  respect t o  y  from zero t o  y l  t o  give 



Th is  express ion  imp l i es  t h a t  a  f i x e d  t ime i s  used t o  eva lua te  the  va r ious  

terms. I f  c o n d i t i o n s  a re  such t h a t  none o f  the  d i f f u s i n g  substance can be 

t r anspo r t ed  across t he  bottom, then t h e  l a s t  term i n  eqn. 2.3 must be ze ro  

s i n c e  i t  represents  the  f l u x  o f  the  substance a t  y=o ( r e f  1 1 ,  p. 629). 

Thus, 

By e v a l u a t i n g  a c / a t  from the  data f o r  the  chosen, f i x e d  t ime, then i n t e -  

g r a t i n g  t h i s  w i t h  respec t  t o  y, e  may be c a l c u l a t e d .  The f i n i t e  d i f f e r e n c e  
Y 

method may be used t o  eva lua te  the d e r i v a t i v e s  and numerical  i n t e g r a t i o n  
t 

probab ly  wi I1 be needed t o  per fo rm the  i n t e g r a t i o n  i n d i c a t e d .  

Consider t he  case o f  

where f i s  a  f u n c t i o n  o f  y  o n l y  and g  i s  a  f u n c t i o n  o f  t on l y .  Eqn. 2.5 

imp1 i es  t h a t  c  i s  a  f u n c t i o n  o f  both' y  and t, bu t  t h a t  ac/ay ( i  .e,, the r a t e  

o f  change o f  c  w i t h  respect  t o  y )  i s  a  f u n c t i o n  o f  y  o n l y ,  Th is  s i t u a t i o n  

m igh t  a r i s e ,  f o r  example, where the  su r f ace  concen t ra t i on  changes w i t h  t ime 

b u t  where the  d i f f u s i o n  i s  r a p i d  enough so t h a t  t he  concen t ra t i on  f o r  any y  

changes a t  the same r a t e  as the  su r face .  S u b s t i t u t i o n  o f  eqn. 2,s i n t o  2.1 



g ives  

Since t h i s  equa t i on  s t a t e s  t h a t  a  f u n c t i o n  o f  t o n l y  ( t he  l e f t - h a n d  s i de ,  

LHS) i s  equal t o  a  f u n c t i o n  o f  y  o n l y  (RHS) ,  then each f u n c t i o n  must be 

equal t o  a  cons tan t  (say A):  

I n t e g r a t i n g  eqn. 2.6 shows t h a t  g( t )  i s ,  a t  most, a  l i n e a r  f u n c t i o n  o f  t, 

i . e . , g ( t )  = At + B, where B i s  a  cons tan t  o f  i n t e g r a t i o n .  Th is  imp l i es  

t h a t  t he  concen t ra t i on  a t  t he  su r f ace  o r  a t  any o t h e r  y  (say y 1 must in -  1 

crease l i n e a r l y  w i t h  t ime  s i nce  

The r a t e  o f  i nc rease  o f  c  a t  any y ,  can be used t o  eva lua te  the  cons tan t  A. 

With &./at = ,gl ( t )  = A  and w,i t h  the  l a s t  term i n  eqn. 2.3 equal t o  ze ro  as 

be fo re ,  t he  numerator o f  equa t i on  2.4 can be i n t e g r a t e d  so t h a t  



Under these c o n d i t i o n s ,  i t  i s  necessary t o  use the  f i n i t e  d i f f e r e n c e  scheme 

o n l y  t o  eva lua te  ac/ay.  

2.3.3) Steady S ta te  

I f  the  data i n d i c a t e s  t h a t  a  s teady s t a t e  (i .e., a c / a t  = o) e x i s t s  

be fo re  equi  1 i b r i u m  (i .e., c  = cons tan t )  has been reached, then c o n t i n u i t y  o f  

t he  d i f f u s i n g  substance requ i r es  t h a t  some o f  the subs tance  must be mov ing .  

across some o t h e r  boundary i n  a d d i t i o n  t o  the  f r e e  su r f ace .  I n  t h i s  case, 

the  l a s t  term on t he  RHS o f  eqn. 2.3 p robab ly  would n o t  be zero  and eqn. 2.4 

would n o t  be v a l i d .  However, the LHS o f  eqn. 2.1 would be zero  and eqn. 2.1 

c o u l d  be i n t e g r a t e d  once w i t h  respec t  t o  y  g i v i n g  

where b  i s  a  cons tan t .  I f  e  and dc/dy a re  known a t  some y, b  can be found. 
Y 

The g r a d i e n t  a t  o t h e r  values o f  y  ( i  .e., dc/dy) can then be used t o  eva lua te  

e  as a  f u n c t i o n  o f  y. The cons tan t  b i s  p r o p o r t i o n a l  t o  the v e r t i c a l  f l u x  
Y 

o f  the d i f f u s i n g  substance. The exac t  r e l a t i o n  between the  cons tan t  i n  

eqn. 2.9 and the v e r t i c a l  f l u x  depends on the  way i n  which the  concen t ra t i on  

c  i s  de f i ned .  (see r e f .  1 1 ,  Chap. 20.) 

I t  i s  a n t i c i p a t e d  t h a t  one o r  more o f  these methods wi 1 1  be used 

t o  analyze the  concen t ra t i on  data which i s  c o l l e c t e d .  Thus, i t  w i l l  be pos- 

s i b l e  t o  o b t a i n  numer ica l  values o f  t he  d i f f u s i o n  c o e f f i c i e n t  and t o  s tudy  

t he  downward d i f f u s i o n  o f  a substance which i s  absorbed a t  the  f r e e  su r face .  



TURBULENCE MEASUREMENTS BY HOT-FILM ANEMOMETRY 

Anemometry techniques have been employed f o r  making h igh  f r e -  

quency v e l o c i t y  measurements i n  f l u i d  f lows.  Anemometry w i l l  be used i n  

t h i s  reaerat  ion study t o  measure c h a r a c t e r i s t i c s  o f  turbulence produced 

by osci  1 l a t i n g  screens i n  a w a t e r - f i  1 l e d  tank where sur face absorpt ion and 

downward d i f f u s i o n  are being inves t iga ted .  The anemometer gives e s s e n t i a l l y  

instantaneous, p o i n t  v e l o c i t y  readings i n  the form o f  a continuous output  

vol tage. Operations on t h i s  continuous vol tage s igna l  w i l l  g ive  turbulence 

measures such as an RMS value o f  the v e l o c i t y  f l u c t u a t i o n s .  

3 .'I ) Equ i pmen t 

The anemometer used i n  these experiments i s  the Heat F lux System 

Model 1010 manufactured by ThermdbSystems incorporated o f  Minneapolis, 

Minnesota. This system i s  a constant temperature anemometer which may be 

used w i t h  e i t h e r  h o t - f i l m  o r  ho t -w i re  sensors. The sensor used has been a 

Thermo-Sys tems h o t - f  i l m  sensor ( N T - 2 6 - ~ ~ - 1  0) .  Th i s i s  a 0.001 " diameter 

quar tz  coated p la t i num- f i lm  sensor w i t h  a s e n s i t i v e  length o f  0.020". 

The sensor has a temperature c o e f f i c i e n t  o f  approximately 0.014 

ohms/"C. The anemometer maintains the sensor a t  a constant temperature 

(ho t te r  than the surrounding f l u i d  temperature) by supply ing vary ing e lec-  

t r i c a l  power t o  the sensor. As the coo ler  f l u i d  f lows pgst the sensor, heat 

i s  t rans fe r red  away from the sensor and more power i s  requ i red  t o  keep the 

sensor heated t o  the given constant temperature. The amount o f  power re- 

qu i red  t o  main ta in  the sensor a t  the given temperature under a c e r t a i n  se t  

o f  f l o w  cond i t ions  i s  a measure o f  v e l o c i t y  past  the sensor. As can be seen 



f rom the  anemometry c i  r c u i  t ( f ig .  3. I ) ,  the  sensor i s  one l e g  o f  a  Wheat- 

s tone b r i dge .  Under normal ope ra t i ng  c o n d i t i o n s  the  b r i d g e  w i l l  be a t  

Balance f o r  o n l y  one f l o w  c o n d i t i o n .  For a l l  o t h e r  f l o w  cond i t i ons  the 

b r i d g e  must operate  s l i g h t l y  o f f  balance i n  o rde r  f o r  t he re  t o  be a  s i g n a l  

f rom the  b r idge .  

3.2) Ca l i  b r a t i o n  

3.2.1) P r i n c i p l e  

I t  was assumed t h a t  the c a l i b r a t i o n  ob ta ined  from measurement o f  

a  s t eady -s ta te  v e l o c i t y  w i t h  a  low tu rbu lence  l e v e l  would a l s o  be v a l i d  f o r  

ins tantaneous v e l o c i t y  measurements i n  a  more t u r b u l e n t  s t a t e  o f  f l ow ,  The 

s teady -s ta te  v e l o c i t y  f o r  c a l i b r a t i o n  was achieved by r o t a t i n g  a  w a t e r - f i l l e d  

' c i r c u l a r  tank  about i t s  cen te r  u n t i l  the f l u i d  was r o t a t i n g  as a  s o l i d  body. 

3.2.2) Equipment 

a)  Cal i b r a t i o n  Tank: The r o t a t i n g  c i r c u l a r  tank  i s  a  s t a i n -  

l ess  s t e e l  tank 18" i n  d iameter  and 6" deep, A 5/8" d iameter  s t a i n l e s s  

s t e e l  s h a f t  i s  connected t o  the  i n s i d e  o f  the  tank  a t  i t s  cen te r  as shown 

i n  the  schematic diagram o f  the  anemometer c a l i b r a t i o n  tank  ( f ig .  3 , ~ ) .  

The 5/8" d iameter  s h a f t  i s  r o t a t e d  by a  1/2" h o r i z o n t a l  s h a f t  through a 

r i g h t  ang le  ( 6 ~ 1 )  gear and p i n i o n .  The 1/2" s h a f t  i s  b e l t - d r i v e n  by a 1/8 

horsepower ( a t  1725 RPM) Bodine shunt wound D.C. motor used i n  con junc t i on  

w i t h  a  M i n a r i k  SH53 speed c o n t r o l l e r .  The 1/2" s h a f t  may a l s o  be r o t a t e d  

by the speed c o n t r o l l e r  and the  same type motor w i t h  an i n t e g r a l  40 : l  gear 
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r educ t i on .  These two motors and a  2, 3,  4, 5"  s t e p  p u l l e y  on the 1/2" 

h o r i z o n t a l  s h a f t  g i v e  the c i r c u l a r  tank  a  cont inuous RPM range from 0.15 

t o  288. The minimum and maximum r a d i i  a t  which the  sensor can be p laced  

f o r  c a l i b r a t i o n  a re  0.22' and 0.71 ' .  Thus, a  v e l o c i t y  range o f  0.0035 f t / s e c  

t o  21 f t / s e c  i s  p o s s i b l e .  

b) 9: A 3/411 plywood box (26" x 

26" x  9"  deep) f i t t e d  wi t h  a  28 gauge ga lvan ized  1 i n e r  serves as a  cons tan t .  

temperature ba th  f o r  the  r o t a t i n g  c i r c u l a r  tank.  The c i r c u l a r  tank  r o t a t e s  

w h i l e  p a r t l y  submerged i n  the cons tan t  temperature bath.  A 1/8" p l e x i g l a s s  

sheet  i s  used t o  cover the temperature ba th  as we1 1 as the  c i  r c u l a r  tank,  

A Yel low Spr ings Inst rument  Company Thermis to r  Con t ro l  l e r  (#2165) used i n  

c o n j u n c t i o n  w i t h  a  2175-1 Thermis tor  Probe c o n t r o l s  two 250-watt k n i f e - t y p e  

immersion hea te rs  t o  m a i n t a i n  the  temperature ba th  and the  water  i n  the  

c i r c u l a r  tank  a t  a  cons tan t  temperature.  

3.2.3) Cal i b r a t i o n  Procedure 

The i n i t i a l  s t e p  i n  the  c a l i b r a t i o n  procedure was t o  c l ean  and 

r i n s e ,  ve ry  tho rough ly ,  a l l  equipment which m igh t  contaminate the water  i n  

the  c a l i b r a t i o n  tank.  The c a l i b r a t i o n  tank,  temperature bath,  and p l e x i -  

g lass  cover were then p u t  i n  p lace .  Water was added t o  the  temperature ba th  

u n t i  l the  water  su r f ace  was w i t h i n  1 "  o f  the  top  o f  t he  c i r c u l a r  tank.  The 

1/8 horsepower motor ,  w i t h o u t  the  40 : l  gear r educ t i on ,  was used t o  r o t a t e  

t he  c a l i b r a t i o n  vessel  and thereby c i r c u l a t e  t he  water  i n  t he  ba th  w h i l e  the 

two 250-watt  hea te rs  were used t o  b r i n g  t he  water  i n  t he  temperature ba th  t o  

t he  env i  ropment temperature ( 2 5 . 0 " ~ ) .  Whi l e  t he  water  i n  t he  temperature ba th  



was be ing  brought  t o  25.0°C, d i s t i l l e d  wa te r  i n  a  5 g a l l o n  j a r  was be ing  

heated t o  25.0°C by i n s e r t i n g  one 250-watt k n i f e - t y p e  immersion hea te r  i n t o  

t he  j a r .  The d i s t i l l e d  water  was then poured i n t o  t he  c i r c u l a r  tank t o  

about a  4" depth.  The motor  w i t h  t he  40 : l  gear r e d u c t i o n  was then used t o  

r o t a t e  t he  c i r c u l a r  tank s i nce  c a l i b r a t i o n  was t o  be run a t  t he  lower end 

o f  the  t a n k ' s  RBM range. Thermo-Systems'N25-12 m ina tu re  probe, w i t h  the 

h o t - f i l m  sensor,  was a t tached  t o  the  mount ing b racke ts  a t  a  g iven  rad ius .  

The sensor was i n s t a l  l e d  about 1 "  from the  bottom o f  the  c i  r c u l a r  tank  w i t h  

i t s  0 .02"-sens i t ive  l e n g t h  a l i g n e d  a l ong  a  tank rad ius .  The d i s t ance  from 

the  cen te r  o f  the tank  t o  the  m idd le  o f  t he  sensor was measured. A  cam on 

t he  5/8" v e r t i c a l  d r i v e  s h a f t  was ad jus ted  t o  a  p o i n t  where i t  would momen- 

t a r i l y  c l o s e  a  m i c ro - sw i t ch  each q u a r t e r - r e v o l u t i o n .  T h e  m ic ro - sw i t ch  

operated a  Redington E l e c t r i c  Counter (2-1006) and t he  coun te r  and an e lee-  

t r i c  t i m e r  were tu rned  on and o f f  a t  t he  same t ime by a  common sw i t ch .  Th is  

was the  system used f o r  RBM measurement. 

The anemometer u n i t  was then t u rned  on and a l  lowed t o  s t a b i  l i ze ,  

which took  about f i v e  minutes.  From the  t ime s i n c e  the  water  was f i r s t  

poured i n t o  the  c i r c u l a r  tank u n t i l  t h i s  p o i n t ,  t he  water  temperature was 

p e r i o d i c a l l y  checked and t he  temperature c o n t r o l l e r  ad j us ted  t o  m a i n t a i n  

t he  water  a t  25.OoC. Sensor r es i s t ance  a t  the  environment temperature 

( 2 5 . 0 " ~ )  was measured. An "overheat r a t i o 1 ' - -  o f  1 . 1  was used i n  the  c a l i -  (R) 
b r a t i o n s .  Th is  gave an o p e r a t i n g  temperature o f  67.7"C f o r  the  sensor.  The 

sensor r e s i s t a n c e  i s  r e l a t e d  t o  the sensor o p e r a t i n g  temperature by a  tem- 

p e r a t u r e  c o e f f i c i e n t  o f  r es i s t ance  ( P )  as f o l l o w s :  



where : 

R = c o l d  r es i s t ance  = res i s t ance  o f  sensor a t  env i  ron 
e  

ment temperature 

R = o p e r a t i n g  res i s t ance  o f  sensor 

ts 
= o p e r a t i n g  temperature o f  sensor 

te 
= senso r ' s  env i  ronmental temperature 

P = temperature c o e f f i c i e n t  f o r  s e n s i t i v e  element o f  
: h o t - f i  l m  ( 0 . 00234 / "~  f o r  Thermo-Systems' f i  l m  
sensors) 

I f  v a p o r i z a t i o n  o f  the  water  i s  t o  be prevented,  the  o p e r a t i n g  

temperature can n o t  be above 100°C. Th is  p laces a  l i m i t  on the  sens i -  

' t i v i t y  which can be ob ta i ned  i n  water  measurements. 

C a l i b r a t i o n  was completed by c o r r e l a t i n g  t he  anemometer b r i dge  

v o l t a g e  w i t h  a v e l o c i t y  pas t  the  sensor.  

At  each v e l o c i t y  the  b r i d g e  was ad jus ted  t o  a  balanced c o n d i t i o n  

( i .e. ,  the s i g n a l  vo l t age  o r i g i n a t e d  e n t i r e l y  f rom the  b r i d g e  balance amp1 i- 

f i e r ) .  As p r e v i o u s l y  mentioned, t he  b r i d g e  w i l l  be a t  l e a s t  s l  i g h t l y  o f f  

balance d u r i n g  tu rbu lence  measurements. Thus, t he  c a l  i b r a t  i o n  which bras 

ob ta i ned  w i t h  the b r i d g e  balanced a t  each v e l o c i t y  was compared w i t h   me^- 

surements made w i t h  the b r i d g e  unbalanced, These resu l  t s  a r e  presented i n  

s e c t i o n  3.2.5. 

3.2.4) -ems and So lu t i ons  

a )  The E f f e c t  o f  Gas B~bbles-~ P a r t i c l e s  % 

The i n i t i a l  a t tempts  a t  c a l i b r a t i o n  o f  wa te r  v e l o c i t y  aga ins t  b r i d g e  vo l t age  
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n o t  a  c l e a r  c u t  one but ,  i n  t h i s  s tudy,  i t  appeared t o  be a t  about 

0.4 f t / s e c .  

The e f f e c t s  due t o  d i r t  and gas bubbles were separated by ob- 

s e r v i n g  the  sensor appearance and t he  b r i d g e  vo l t age  r e a c t i o n  a t  d i f f e r e n t  

v e l o c i t i e s .  A t  low v e l o c i t i e s ,  accumulat ion o f  bubbles on the  sensor was 

apparent and when these bubbles were no t i ced ,  the  b r i  dge v o l  tage s t a r t e d  

i nc reas ing  more o r  less  con t i nuous l y  by as much as one v o l t  i n  15 seconds. 

These bubbles appear t o  increase t he  e f f e c t i v e  d iameter  o f  the  sensor and 

thereby increase the r a t e  o f  heat  t r a n s f e r .  At h i ghe r  v e l o c i t i e s ,  accum- 

uda t i on  o f  l i n t  f i b e r s  on the  f i l m  caused the  b r i d g e  vo l t age  t o  decrease 

i n  jumps. The l i n t  f i b e r s  appear t o  i n s u l a t e  the  f i l m  and lessen the  heat  

t r a n s f e r .  At t he  h i ghe r  v e l o c i t i e s  i t  seems l o g i c a l  t h a t  the  gas bubbles 

would have a  more d i f f i c u l t  t ime c l i n g i n g  t o  the  f i l m  w h i l e  the 1 i n t  f i b e r s  

would s imp ly  loop  around the  f i l m .  

b) Sensor Cold Res is tance Chage :  The c o l d  r es i s t ance  o f  

a  h o t - f  i l m  sensor may change f o r  a t  l e a s t  two b a s i c  reasons: e i t h e r  ( 1 )  

t he  senso r ' s  env i  ronmental temperature may change o r  (2) the  sensor ' s  phys- 

i c a l  c h a r a c t e r i s t i c s  may change (e.g., t he  q u a r t z  c o a t i n g  may wear through 

o r  c rack  and c o r r o s i o n  o r  o t h e r  chemical e f f e c t s  may then cause the  c o l d  

r es i s t ance  t o  change). Thermo-Systems ' i n s  t r u e t  i o n  manual f o r  t he  Heat 

F l ux  System Model 1010 g ives severa l  procedures f o r  c o r r e c t i n g  t he  c a l i b r a -  

t i o n  i f  the  sensor ' s  c o l d  r es i s t ance  changes between a  c a l i b r a t i o n  and a 

t e s t  run. Compensating c i r c u i t s  a re  a l s o  a v a i l a b l e  t o  m a i n t a i n  a cons tan t  

overheat  (ts - t ) bu t  another  c o r r e c t i o n  may s t i  1 1  have t o  be appl  i e d  i f  
e  

t changes enough t o  cause a  s i g n i f i c a n t  change i n  f l u i d  p r o p e r t i e s .  When 
e  

the  c o l d  r es i s t ance  changes d u r i n g  a  c a l i b r a t i o n  o r  t e s t ,  c o r r e c t i o n s  a re  

much harder  t o  apply .  
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should  be much less  than those used i n  o b t a i n i n g  the  da ta  i n  t a b l e  3-1. 

Table  3-1. Comparison o f  balanced and unbalanced c a l i b r a t i o n  o f  anemometer system. 

Ba 1 anced on 1 y  Balanced o n l y  Balanced o n l y  Balanced o n l y  
a t  V e l o c i t y  = a t  V e l o c i t y  = a t  V e l o c i t y  = a t  V e l o c i t y  = 
0 .OO (FPS) 0.0358 (FPs) 0 . 1 2 7 ( ~ ~ ~ )  0. 1 8 0 ( ~ $ s )  - 

Steady-State  J. ,. -t-va ,. a. 
-1- 
4. 

..1..,1, 
4.4. 

-r, ,. -1- 
a. 

-1, 
8. 

r l tr  

V e l o c i t y  (FPS) 
1 

% E r r o r  1 
% E r r o r  

1 
% E r r o r  

1 
% ~ r r o r ' " '  

J.. 
a. 

VI 
= V e l o c i t y  read from the  c a l i b r a t i o n  curve f o r  balanced c o n d i t i o n s  us i ng  

the  s i g n a l  ( 8 , )  f o r  the g i ven  unbalanced c o n d i t i o n s .  
v 

-L. 
,.a. 

.1. 

% E r r o r  = Percent e r r o r  between the  ac tua l  s t eady -s ta te  v e l o c i t y  and V ' 
l o  

4) TURBULENCE TANK STUD BES 

4.1) Equipment 

4.1 .I) Purbul  ence Tank 

The tu rbu lence  tank i s  a 20" x 12" x 12" deep vessel  i n  which 

s t a i n l e s s  s t e e l  screens a re  o s c i l l a t e d  v e r t i c a l l y  t o  produce tu rbu lence .  The 

s i x  screens ( f l a t t e n e d  expended meta l ,  1/2" no. 16) have a v e r t i c a l  s p a c i n g  

o f  1 "  and a r e  d r i v e n  by f o u r  5/16" rods. (See f i g .  4.1.) The tank  i s  a p ro -  

duc t  o f  Jewel Aquarium Company o f  Chicago. I t  c o n s i s t s  o f  a meta l  frame w i t h  



Step p u l l e y  
& flywheel 
on 1/2" s h a f t  
behind r o t a t i n g  
d i s k  

e c c e n t r i c  d r i v e  

e c c e n t r i c i t y  adj  

lC__ 1/2" x 12" rod 

knuckle j o i n t  

bear ing  

p i n  

us tmen t s l o t  

Ltf-1 -mounting bracket  

4 5/16" d r i v e  rods 

F ig .  4.1 - Schematic diagram of turbulence tank 



? 
I 1 /8" g lass w a l l s  and a  1 /4" g lass  bottom. 

The screens a re  fas tened w i t h  nu t s  and washers t o  the  f o u r  5/16" 

threaded s t a i n l e s s  s t e e l  rods, which ex tend  through the screen openings, The 

t op  screen has a  n u t  and washer o n l y  on i t s  lower s i d e .  A c l e a r  Hysol epoxy 

I cement was used t o  f as ten  the n u t  and washer t o  the  screen. Th is  arrange- 

1 ment a l l ows  the t op  screen t o  come c l ose  t o  the  water  su r f ace  w i t h o u t  hav ing  
l 

a n u t  on t op  o f  the  screen which would break the  water  su r face .  Each s t a i n -  

less  s t e e l  rod i s  threaded 5-1/4 I1 for  the screen at tachments and 6" f o r  ad- 

jus tment  a t  the mount ing b racke t .  The top  screen i s  t i g h t e n e d  aga ins t  the  
I 
; end o f  each r o d ' s  threads.  

a) Va r i ab i  1 i t y :  The same two motors which a re  used t o  d r i v e  

the anemometer c a l i b r a t i o n  vessel  ( s e c t i o n  3.2.2) p rov i de  the  power t o  os- 

c i l l a t e  the  screens. By us i ng  e i t h e r  a  1 "  o r  2" V -be l t  p u l l e y  on the motor  

t o  d r i v e  a  2, 3, 4, 5" s t e p  p u l l e y ,  a  cont inuous screen speed ad justment  f rom 

1 t o  1725 RPM i s  p o s s i b l e .  The a n t i c i p a t e d  range o f  o p e r a t i o n  i s  f rom 50 t o  

400 RPM. 

The term "s t roke"  wi 1 1  r e f e r  t o  the d i s t ance  between the  extremes 

o f  the v e r t i c a l  screen movement. A s l o t  i n  the  r o t a t i n g  d i s k  pe rm i t s  c o p t i n -  

uous s t r o k e  ad justment  from zero  t o  1-7/8". Exper iments sr, a 7/16" s t r o k e  

have been run thus f a r .  

The "screen d i s t ance "  was measured from the  water  su r f ace  t o  the 

upper su r f ace  o f  the  t op  screen a t  the  top  o f  i t s  mot ion.  Phis; "screen d i s -  

tance" i s  dependent upon the  s t r o k e  and the  water  depth.  The screen d i s t ance  

can be changed from a  p rev ious  s e t t i n g  by ad justment  o f  the rods i n  t he  mount- 

i n g  b racke t  s l o t s  o r  by adding o r  w i t hd raw ing  some wate r .  The l a t t e r  method 

was u s u a l l y  used. 



b) 3: The tu rbu lence  tank has 

a 3/8" p l e x i g l a s s  cover.  The a i  r space over  the  water  i s  heated above bo th  

the  water  temperature and the room temperature by the  use o f  two 100-watt 

s i l icone-rubber-embedded h e a t i n g  tapes. A Ye l low Spr ings Inst rument  Company 

Thermis to r  C o n t r o l l e r  (model 6 3 ~ ~ )  used i n  con junc t i ' on  w i t h  a  2175-1 Ther- 

m i s t o r  Probe c o n t r o l s  the hea te rs  t o  m a i n t a i n  the  a i r  space a t  a  cons tan t  

temperature.  

c )  Tank I n s u l a t i o n :  The tu rbu lence  tank s i t s  i n  an open 

plywood box (26" x  38" x  10" deep) which i s  used t o  keep f o u r  th icknesses 

o f  i n s u l a t i o n  (Ward's Glass F i be r  3") i n  p l ace  around the s ides  o f  the  tank 

and one th ickness  beneath. The average th ickness  o f  the i n s u l a t i o n  around 

the s ides  o f  the tank was 8". The i n s u l a t i o n  i s  used t o  lessen hea t  exchange 

between the  water  and sources o t h e r  than the heated a i r  space above the water  

su r f ace .  

I n  t h i s  s tudy  heat  i s  be ing  used as a  t r a c e r  t o  i n v e s t i g a t e  the 

mechanics o f  d i f f u s i o n  downward from a f r e e  su r f ace  o f  t u r b u l e n t  wa te r ,  On 

o rde r  t o  do t h i s ,  a  temperature measur ing dev ice  which w i l l  g i ve  " ins tan tan-  

eous, p o i n t "  temperature measurements i s  necessary.  

a) I q u i  The temperature sensor i s  a  0.014"-dia., g l ass -  

coated, bead thermi  s t o r  (Fenwal E l e c t r o n i c s ,  Frami ngham, Massachusetts, 

no. ~ ~ 3 2 ~ 1 ) .  I t  was mounted a t  the  end o f  an 18"-long p l e x i g l a s s  tube ( 0 , ~ .  = 

1/4" and I.D. = 1/16"). 



As shown i n  f i g .  4,2, the  sensor i s  one l e g  o f  a  Wheatstone b r i dge .  

The b r i d g e  i s  connected t o  a  Sanborn recorder  (model 140) and i s  a.c. e x c i t e d .  

The 0.018 m i c r o f a r a d  capac i tance i n  t he  t o p  l e g  o f  the  b r i d g e  p rov ides  capac i -  

t i  ve balance f o r  the  system. Vol tage across the  sensor was r e s t r i c t e d  t o  

less  than 30 m i l l i v o l t s  i n  o rde r  t o  keep t he  sensor f rom h e a t i n g  more than 

0.01 " C  above i t s  sur roundings.  An ammeter (2 50 m i  1 1  iamps) i s  used t o  i n -  

d i c a t e  when the  b r i d g e  i s  balanced, The ammeter c i r c u i t  has a  coarse and 

f i n e  s w i t c h  which r e f e r s  t o  the  s e n s i t i v i t y  o f  the  c i r c u i t .  

Usual ope ra t i on  o f  the  temperature measur ing dev ice  i s  t o  balance 

t h e  b r i d g e  w i t h  the  t h e r m i s t o r  a t  a  known temperature us i ng  the 1000 ohm 

po ten t i ome te r  and then t o  l ock  t h i s  po ten t i ome te r .  Temperature measure- 

ment i s  accomplished us i ng  the 100 ohm po te t i ome te r  t o  b r i n g  the  b r i dge  back 

t o  balance as the res i s t ance  o f  the  t h e r m i s t o r  changes due t o  temperature 

changes. The 100 ohm f i x e d  r e s i s t o r  can be added t o  the  c i  r c u i  t t o  g  i ve a 

t o t a l  v a r i a t i o n  o f  200 ohms i n  one l e g  o f  the  b r i dge .  Th is  a l l ows  tempera- 

t u r e  measurement over  a  range o f  3,7"C from the  balance p o i n t .  

b) Cal i b r a t i o n  o f  Temperature Measuring Dev ice:  The dev ice  

was c a l i b r a t e d  over  the  temperature range o f  25.0O0C t o  28.5Q0C, A f o u r - l i t e r  

beaker, i n s u l a t e d  on the  bottom and s ides ,  was used as a temperature e a l i b r a -  

t i o n  tank. A 250-watt  knife-tsype hea te r  was p laced  i n  t he  beaker dnd connected 

t o  a  Var iac  f o r  temperature c o n t r o l ,  A r h e o s t a t - c o n t r o l l e d  s t i r r e r  was used 

f o r  c i r c u l a t i o n  o f  the  water  w i t h i n  t he  beaker. Water temperature wa5 meas- 

ured w i t h  a  c a l o r i m e t e r  thermometer (ASTM 56c) which was marked d i r e c t l y  t o  

0.02"C. 

The temperature probe was i n s e r t e d  i n t o  the  beaker keeping the  

sensor away from the  g lass  w a l l s  and the  wate r  su r f ace .  Wi th  the  Sanborn 

recorder  i n  the  "coarse" s e t t i n g  and t he  res i s t ance  i n  the  l e g  oppos i t e  the  

sensor i n i t i a l l y  s e t  a t  2200 ohms, the  1000 ohm po ten t i ome te r  was ad jus ted  t o  



Fig. 4.2 - C i r c u i t r y  f o r  temperature measurement 
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balance ( i . e . ,  t he  p o i n t  o f  maximum d e f l e c t i o n  t o  the  r i g h t  on t he  m i l l i a m -  

m e t e r )  and locked. Phis  ba lanc ing  was done w i t h  the  beaker water  temperature 

a t  25.0O0C. The water  temperature was measured w i t h  the  c a l o r i m e t e r  thermom- 

e t e r  b u l b  w i t h i n  1/4" o f  t he  t h e r m i s t o r  sensor. The Sanborn recorder  was 

then swi tched t o  i t s  " f i n e "  s e t t i n g  and i t s  ze ro  knob was used t o  s e t  the 

m i l l i ammete r  a t  midsca le .  C a l i b r a t i o n  was then completed by changing the  

water  temperature i n  increments and by b r i n g i n g  the  m i l l  ismmeter back t o  i t s  

1 r e fe rence  p o i n t  (i .e., the b r i d g e  back t o  balance) by a d j u s t i n g  t he  100 ohm 
I 

po ten t i ome te r  w i t h  the 100 ohm r e s i s t o r  swi tched i n t o  o r  ou t  o f  the  b r i d g e  

l e g  as requ i red .  I n  t h i s  manner, a c a l  i b r a t i o n  o f  temperature versus re-  

s i s t a n c e  was ob ta ined  ( f ig ,  ha%), 

The da ta  f o r  the  c a l i b r a t i o n  cu rve  was taken on t w o  d i f f e r e n t  days 

w i t h  one day 's  lapse i n  between. The t ime i n t e r v a l  over  which each day 's  

da ta  was taken was about 4-1/2 hours.  A p l o t  o f  water  temperature versus the 

sum o f  the  100 ohm po ten t iomete r  s e t t i n g  and the  f i x e d  100 ohm r e s i s t o r  

( e i t h e r  ze ro  o r  100) revealed t h a t  t he  da ta  cou ld  be represented by two 

s t r a i g h t  l i n e s  w i t h  a  s lope  break occur r r ! !ag~ t  %6.75°C. Elivelope l i n e s  dsaw~a 

on the  graph show t h a t  the  da ta  f a l l s  w i t h i n  +.05"C o f  t he  s t r a i g h t  l i n e s  es- 

tab1 i shed  f o r  c a l  i b r a t i o n .  (see f i g .  4.3.) 

i 
1 

S ince heat  was be ing  used as a  t r a c e r  t o  measure d i f f u s i o n  ra tes ,  
r' 

i t  was necessary t o  i n v e s t i g a t e  p o s s i b l e  heat  losses from the  tu rbu lence  tank. 





The battom o f  the  tankwas i n s u l a t e d  w i t h  one th ickness  o f  Ward's 

3 "  f i b e r g l a s s  i n s u l a t i o n  and the  s ides ,  w i t h  f o u r  th icknesses o f  the  i n s u l a -  

t i o n .  Assuming t h a t  the  tank has 7" o f  water  i n  i t  and t h a t  a 10°C tempera- 

t u r e  d i f f e r e n c e  e x i s t s  between the water  and the  room a i r ,  the r a t e  o f  heat  

l oss  a t  s teady-s ta te  d i f f u s i o n  through t he  i n s u l a t i o n  would g i v e  a tempera- 

t u r e  change i n  t he  water  o f  approx imate ly  OO04"C/hr. I n  t h i s  c a l c u l a t i o n  i t  

was assumed t h a t  t h e  g lass  w a l l s  were a t  the  water  temperature.  Normal ly  
I 
I t he  temperature d i f f e r e n c e  between the  wate r  and room a i  r was less  than 1 O 0 C ,  

and the  h e a t i n g  r a t e  f o r  the  wdter  was much more than 0 . 0 4 " ~ / h r .  Thus, i t  

was concluded t h a t  t h i s  i s  a  n e g l i g i b l e  source o f  heat  t r a n s f e r .  

4,2.2) H e a t G I a s s  Wal 1s a d  
I 
I 

the  5/16" S t a i n l e s s  S tee l  D r i ve  Rods 

A n a l y t i c a l  s o l u t i o n s  t o  these hea t  t r a n s f e r  problems were at tempted 

bu t  the  s o l u t i o n s  requ i  red severa l  ques t ionab le  assumptions, Thus, e x p e r i -  

mental  techniques t o  determine these e f f e c t s  were t r i e d .  

The a i r  space i n s i d e  t he  tank was heated t o  45°C. A 3/&" plywood 

board was f l o a t e d  on the water  su r f ace  t o  reduce t he  amount o f  heat  t r a n s f e r  

a t  t h i s  su r face .  The board had a 45" chamfer around i t  t o  enable  the  g lass  

w a l l s  t o  heat  j u s t  as they would i f  the  board were n o t  p resen t .  The p o i n t  

o f  the  chamfer met and f i t  snug ly  aga ins t  the  g lass w a l l s  a t  the water  su r -  

face.  The screens were o s c i l l a t e d  a t  245 RBbl w i t h  a s t r o k e  o f  l / 2 "  and a  

screen d i s t ance  o f  1/8". The exper iment i n d i c a t e d  t h a t ,  w i t h  7" wa te r  depth 

and a  20°C temperature d i f f e r e n c e  between the  water  and the  heated a i r  space, 



h e a t i n g  o f  the water  due t o  the  heat  t r a n s f e r  down t he  g lass  w a l l s  and s t a i n -  

l ess  s t e e l  rods was a t  the  r a t e  o f  about 0.2"C/hrP This  f i g u r e  takes account 

o f  c a l c u l a t e d  t r a n s f e r  through t he  plywood and t o  t he  environment.  A s i m i l a r  

exper iment  w i t h  a  p l e x i g l a s s  cover on t he  wate r  su r f ace  i n d i c a t e d  a nega t i ve  

hea t  t r a n s f e r  down the w a l l s  and rods. I t  i s  planned t o  check t h i s  p o s s i b l e  

source o f  e r r o r  more thorough ly .  For the  t ime be ing,  t h i s  i s  assumed t o  be 

a n e g l i g i b l e  source o f  e r r o r  s i nce  t he  h e a t i n g  r a t e s  d u r i n g  the  exper iments 

were o f  the  o rde r  o f  l 0C /h r .  

4.3) Experiments t o  Determine D i f f u s i o n  C o e f f i c i e n t s  

4.3.1) Procedure 

Water was added t o  the tu rbu lence  tank  and heated t o  about 25.0°C 

w h i l e  the temperature measur ing dev ice  was balanced a t  25.0°C i n  t he  tempera- 

t u r e  c a l i b r a t i o n  se tup  and the  temperature c a l i b r a t i o n  curve was checked a t  a  

few temperatures.  Bronze wi re,mes$ (18 x  14) ex tend ing  1/2" inward from the  

g lass  wal 1s a t  the  wate; su r f ace  was i n s t a l  l e d  around the  i n s i d e  o f  the tank.  

Th is  mesh was t o  dampen t he  su r f ace  waves. St roke,  RBM, and water  depth meas- 

urements were taken i n  t he  tank. The screens were stopped and t he  a i  r space 

was heated t o  a  g iven  temperature.  Three thermometers were extended through 

t he  p l e x i g l a s s  cover  a t  d i s t r i b u t e d  p o i n t s  t o  measure the  a i r  space tempera- 

t u r e .  The temperature probe was mounted i n  a  p o i n t  gauge above the  p l e x i g l a s s  

cover a t  about the  m idd le  o f  the  t a n k ' s  l eng th  and 3-1/4" i n  f rom one s i d e .  

When the  a i  r space reached the  des i r ed  temperature,  the  p o i n t  gage was used t o  

l o c a t e  the  water  su r f ace  and the  screens were aga in  s t a r t e d ,  Measurements o f  

temperature a t  g i ven  depths and t imes were then taken. The a i  r space temgera- 



t u r e  was checked p e r i o d i c a l l y .  A t  t he  expe r imen t ' s  end, the temperature 

probe was again  p laced  i n  the temperature c a l i b r a t i o n  tank  and t he  c a l i b r a -  

t i o n  curve was checked. The c a l i b r a t i o n  checks a t  the  beg inn ing  and end o f  

each run  showed t h a t  the  t h e r m i s t o r  gave r e a d i n g ' s  w i t h i n  - +.05"C o f  the  e a l -  

i b r a t i o n  curve.  

4.3.2) E x g e r i m e n t a l u r e m e n t s  

Exper imental  measurements have been made i n  the  tu rbu lence  tank  

w i t h  d i f f e r e n t  screen d is tances ,  RBM, and a i r  space temperatures over  a  range 

o f  water  temperatures as shown below: 

Run S t roke  Sc reen R BSd Ai r Space Water Temperature 
No. ( inches)  D is tance  Te~rlperature Range Due t o  Sur- 

(i nehes) " C face  Heat ing,  "C 

The data f o r  runs 5 and 6 i s  shown i n  f i g .  4.4 and 4.5 r e s p e c t i v e l y .  T h e  

1 as t two exper iments have been repeated and f a i  r l y  cons i s t e n t  r esu l  t s  have 

been ob ta ined .  The temperatures a t  the  water  su r f ace  a re  always the  l e a s t  

r e l i a b l e  and the  l e a s t  c o n s i s t e n t .  

From the  exper imenta l  da ta  taken thus f a r ,  i t  appears t h a t  the tem- 

p e r a t u r e  versus t ime da ta  f o r  va r i ous  depths g ives  a s e t  o f  p a r a l l e l  s t r a i g h t  
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l i n e s ,  t h a t  is, the  h e a t i n g  ra tes   time) are  t he  same a t  a1 1 depths a t  a  

g i ven  t ime and a re  approx imate ly  cons tan t  f o r  a  g i ven  run. The ex i s t ence  of  

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

t ime. Thus, a t  each i n s t a n t  i n  t ime,  the  d i f f u s i o n  behaves e s s e n t i a l l y  as 

a  s t eady -s ta te  process f o r  the  temperait'ure which e x i s t s  a t  the  water  su r f ace  

f o r  t h a t  i n s t a n t .  Th is ,  i n  t u rn ,  i n d i c a t e s  t h a t  t he  downward d i f f u s i o n  o f  

heat  i s  r a p i d  enough t o  p rov i de  e f f e c t i v e l y  ins tantaneous response t o  tem- 

pe ra tu re  changes a t  the f r e e  su r face .  For lower tu rbu lence  l e v e l s  i n  t he  

water ,  t h i s  l i n e a r  and p a r a l l e l  r e l a t i o n s h i p  m igh t  n o t  e x i s t .  

Using eqn. 2.8, w i t h  t he  wate r  temperature taken as the  concent ra-  

t i o n , d i f f u s i o n  c o e f f i c i e n t s  were computed from runs 5 and 6 w i t h  the  c o e f f i -  

c i e n t s  f o r  run 5 rang ing  from 2.56 x  l o m 4  f t 2 /m in  near  t he  f r e e  su r f ace  t o  

2  
4.64 f t  /min i n  the  r eg ion  occupied by t he  screens. For run  6 t he  range was 

2  4.47 x  l om5  f t 2 /m in  t o  0.572 f t  /mino The mo lecu la r  heat  d i f f u s i v i t y  i s  

about 1 x  f t 2 / h r  ( r e f .  1 1 ,  p. 248). P rec ise  exper imenta l  values o f  the  

d i f f u s i o n  c o e f f i c i e n t  a re  hard  t o  determine f o r  these p r e l i m i n a r y  runs s i n c e  

n o t  enough da ta  was c o l l e c t e d  t o  a l l o w  accura te  de te rm ina t i on  o f  t h e  g rad ien l s  

needed. (see sec t  i o n  2.) I t  i s  planned t o  t a k e  more complete da ta  i n  f u t u r e  

t e s t s  so t h a t  a  b e t t e r  e v a l u a t i o n  o f  t he  d i f f u s i o n  c o e f f i c i e n t  can be made, 

F ig .  4.6 shows the  v e r t i c a l  p r o f i l e  o f  temperature FOP runs 5 and 6. 

These p r o f i l e s  were p l o t t e d  by read ing  p o i n t s  o f f  t he  s t r a i g h t  l i n e s  drawn i n  

f i g .  4.4 and 4.5. 
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Symbol D e f i n i t i o n  Dimension 

cons tan t  

cons tan t  

anemometer b r i dge  vo l t age  

cons tan t  

concent r a t i o n .  

v e r t i c a l  d i  f f u s  i v i  t y  e  
Y 

FPS f e e t  pe r  second 

f u n c t i o n  of y  

f u n c t i o n  o f  t 

s u b s c r i p t  i n d i c a t i n g  va lue  o f  y  a t  which 
q u a n t i t y  i s  t o  be eva lua ted  

s u b s c r i p t  i n d i c a t i n g  va lue  o f  t a t  which 
q u a n t i t y  i s  t o  be eva lua ted  

r e v o l u t i o n s  p e r  m inu te  

o p e r a t i n g  r es i s t ance  o f  h o t - f i l m  sensor 
a t  t 

S 

r es i s t ance  o f  h o t - f i l m  sensor a t  t 
e  

t ime  

temperature o f  env i  ronment i n  which h o t - f  i l m  
sensor operates 

o p e r a t i n g  temperature o f  h o t - f i l m  sensor 

v e r t i c a l  coo rd i na te  measured upward from 
bottom o f  tank  
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