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PROGRESS REPORT: PERFORMANCE OF THE VIBRATING 

U-TUBE FLUID-DENSITY GAGE FOR MEASURING 

SUSPENDED-SEDIMENT CONCENTRATION 

By Joseph P. Beverage 

ABSTRACT 

The v i b r a t i n g  U-tube f l u i d - d e n s i t y  gage shows promise i n  au tomat ing  

t h e  measurement o f  suspended-sediment c o n c e n t r a t i o n .  A prev ious  r e p o r t  

(Sk inner  and Beverage,  1982)  d e s c r i b e d  t h e  a p p l i c a t i o n  o f  t h e  U-tube f o r  

measuring suspended-sediment c o n c e n t r a t i o n  and i t s  r e s p o n s e  t o  s e v e r a l  

parameters .  I n  t h a t  s t u d y ,  t h e  U-tube was suspended i n  t h e  h o r i z o n t a l  

p lane .  Th is  r e p o r t  summarizes f u r t h e r  t e s t i n g  o f  t h e  f l u i d - d e n s i t y  gage 

sugges ted  by t h e  e a r l i e r  work. 

The gage may b e  o p e r a t e d  w i t h  t h e  U-tube i n  t h e  u p r i g h t  v e r t i c a l  

p o s i t i o n  t o  i n c r e a s e  s e n s i t i v i t y  a t  low sediment  c o n c e n t r a t i o n s  by 

s t o p p i n g  t h e  f low and l e t t i n g  t h e  sediment  s e t t l e  t o  t h e  bottom. Sedi-  

ment w i t h  a p a r t i c l e - s i z e  range  o f  62 t o  1000 micrometers  was t e s t e d ,  and 

t h e  s e n s i t i v i t y  o f  t h e  ins t rument  i n c r e a s e d  by a f a c t o r  o f  f i v e .  

The condensa t ion  o f  humidi ty  w i t h i n  t h e  c a s e  hous ing  t h e  U-tube was 

proved t o  be  t h e  c a u s e  o f  s c a t t e r e d  r e a d i n g s  a t  w a t e r  t empera tu res  below 

12OC. The gage r e s p o n s e  i s  l i n e a r  w i t h  c a s e  p r e s s u r e .  

An improved r e f e r e n c e  o s c i l l a t o r  was t e s t e d  and shown t o  b e  s a t i s -  

f a c t o r y  a t  ambient t e m p e r a t u r e s  from 1 5  t o  35OC. The r e f e r e n c e  f requency 

was i n c r e a s e d  t o  20 kHz from t h e  12.8 kHz of t h e  e a r l i e r  s t u d i e s .  



INTRODUCTION 

Sens ing  d e v i c e s  o f t e n  respond t o  undes i red  f a c t o r s  and t h e  v i b r a t i n g  

U-tube f l u i d - d e n s i t y  d e v i c e  ( s e e  f i g u r e  1 )  is no excep t ion .  I n  t h e  f i r s t  

r e p o r t  on t h i s  i n s t r u m e n t ,  Sk inner  and Beverage (1982) d e s c r i b e d  t h e  u s e  

of t h e  d e v i c e  f o r  measur ing suspended-sediment c o n c e n t r a t i o n  and i t s  

r e s p o n s e  t o  s e v e r a l  f a c t o r s .  The most impor tan t  of t h e s e  were f l o o r  

v i b r a t i o n  and t h e  t empera tu res  of t h e  pumped f l u i d ,  t h e  c a s e  housing t h e  

U-tube, and t h e  ambient a i r .  Suspending t h e  c a s e  w i t h  heavy s p r i n g s  mini-  

mized s e n s i t i v i t y  t o  v i b r a t i o n ;  wrapping t h e  c a s e  i n  i n s u l a t i o n  reduced 

t h e  e f f e c t  of c a s e  and a i r  t empera tu re  on t h e  r e a d i n g .  Skinner  and 

Beverage r e p o r t e d  on t h e  minor e f f e c t s  due t o  v a r i a t i o n s  i n  sediment 

p a r t i c l e  s i z e  and f low r a t e .  They a l s o  s t u d i e d  t r a n s i e n t  r e s p o n s e  t o  

changes i n  f l u i d  t e m p e r a t u r e  and sediment c o n c e n t r a t i o n .  A l l  of t h e  

s t u d i e s  g iven i n  t h e  r e p o r t  were made w i t h  t h e  U-tube suspended h o r i -  

z o n t a l l y .  

T h i s  r e p o r t  summarizes f u r t h e r  t e s t i n g  of t h e  f l u i d - d e n s i t y  gage 

subsequent  t o  t h e  work by Sk inner  and Beverage (198;: The s t u d i e s  were  

under taken t o  v a l i d a t e  assumptions  r e g a r d i n g  t h e  performance of t h e  

mechanism and t o  de te rmine  t h e  v a l u e  o f  c i r c u i t  m o d i f i c a t i o n s .  

F l u i d  d e n s i t y  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 i b r a t i o n a l  p e r i o d  o f  

t h e  U-tube. The d e v i c e  c o u n t s  t h e  number o f  c y c l e s  o f  a s t a b l e  r e f e r e n c e  

o s c i l l a t o r  d u r i n g  18,430 U-tube v i b r a t i o n a l  c y c l e s ,  The nutnber o f  r e f e r -  

ence o s c i l l a t o r  c y c l e s  counted 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 i b r a t i o n a l  

pe r iod  o f  t h e  U-tube and,  t h u s ,  t o  t h e  d e n s i t y  of t h e  f l u i d  i n  t h e  tube .  

Skinner  and Beverage c a l l e d  t h e  number of r e f e r e n c e  c s c i l l a t o r  c y c l e s  

t h e  "cumulat ive  coun t ,  I t  and t h e  d i f f e r e n c e  between t h e  cumula t ive  count 

of a sample and t h e  cumula t ive  count  of a r e f e r e n c e  l i q u i d  was c a l l e d  

simply "count." I n  t h i s  r e p o r t ,  t h e  term "countt1 r e f e r s  t o  t h e  raw o r  

cumula t ive  count ( i n c l u d i n g  a raw count l e s s  any conven ien t  a r b i t r a r y  

c o n s t a n t ) .  The t e r m  "net  count" r e f e r s  t o  a d i f f e r e n c e  between c o u n t s ,  

t h a t  i s ,  a raw count  l e s s  t h e  count  of a r e f e r e n c e  l i q u i d  o r  t h e  same 

l i q u i d  a t  a r e f e r e n c e  t empera tu re .  
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F i g u r e  1.--Drawing of  U-tube showing r e l a t i o n  between components (from 
Skinner  and Beverage,  1982) .  



HUMIDITY WITHIN THE CASE 

The v i b r a t i n g  U-tube, f l u i d  d e n s i t y  gage is  encased i n  a welded p i p e  

20 cm ( c e n t i m e t e r s )  i n  d i a m e t e r  and abou t  60 cm l o n g .  The d e v i c e  i s  

s e a l e d  w i t h  a tmospher ic  a i r  a t  t h e  f a c t o r y .  

During t h e i r  d i s c u s s i o n  of t h e  e f f e c t s  o f  t e m p e r a t u r e ,  Skinner  and 

Beverage (1982) n o t e d  t h e  s c a t t e r  and n o n - r e p r o d u c i b i l i t y  of c o u n t s  a t  

f l u i d  t empera tu res  below 10°C. The c o u n t s  were  s c a t t e r e d  between two 

envelope curves .  They p o s t u l a t e d  t h a t  m o i s t u r e  i n  t h e  a i r  i n s i d e  t h e  c a s e  

was condensing on t h e  t u b e  a s  i t  coo led .  The coun t  s c a t t e r  t h e n  could  b e  

a t t r i b u t e d  t o  s h a k i n g  some of t h e  condensed m o i s t u r e  from t h e  t u b e  a s  i t  

v i b r a t e d .  

T h i s  condensa t ion  h y p o t h e s i s  was t e s t e d  by e v a c u a t i n g  t h e  mois t  a i r  

i n  t h e  c a s e  and r e f i l l i n g  w i t h  d r y  a i r  a t  a tmospher ic  p r e s s u r e .  The c a s e  

was d r i l l e d  and tapped n e a r  t h e  i n l e t  and o u t l e t  p o r t s .  A vacuum gage 

and g a s  v a l v e  were  i n s t a l l e d .  A s m a l l  vacuum pump reduced t h e  p r e s s u r e  

i n  t h e  c a s e  by 88 kPa ( k i l o p a s c a l s ) ,  e q u i v a l e n t  t o  26 i n c h e s  of mercury.  

A c a n n i s t e r  of s i l i c a  g e l  was a t t a c h e d  t o  t h e  v a l v e ,  which was t h e n  opened 

t o  a l l o w  d r y  a i r  t o  e n t e r  t h e  U-tube's c a s e .  A f t e r  a few minu tes  t h e  

v a l v e  was c l o s e d  and t h e  c a n n i s t e r  was removed. A s e r i e s  of r e a d i n g s  a t  

v a r i o u s  w a t e r  t empera tu res  was o b t a i n e d  w i t h  d r y  a i r .  These r e s u l t s  a r e  

shown i n  f i g u r e  2 a s  open s q u a r e s .  The open s q u a r e s  c l u s t e r e d  around 4°C 

r e p r e s e n t  d a t a  c o l l e c t e d  over  s e v e r a l  d a y s ,  which a c c o u n t s  f o r  t h e  g r e a t e r  

apparen t  s c a t t e r  of t h e  "dry" d a t a .  The open c i r c l e s  a r e  d a t a  o b t a i n e d  

l a t e r  w i t h  m o i s t  (Minnesota) a i r .  A t  t e m p e r a t u r e s  above about 12°C t h e  

two c u r v e s  a r e  e s s e n t i a l l y  t h e  same. Below 12OC t h e  d r y  a i r  c u r v e  d r o p s  

r a p i d l y ,  w h i l e  t h e  mois t  a i r  c u r v e  i s  a lmos t  f l a t .  E a r l i e r  t e s t s  ( S k i n n e r  

and Beverage,  1982) showed a g r e a t  d e a l  of s c a t t e r  i n  t h e  r e a d i n g s  below 

12°C f o r  m o i s t  a i r .  The p o i n t s  s c a t t e r e d  downward from t h e  "moist" c u r v e  

of f i g u r e  2. The d i v e r g e n c e  of t h e  two c u r v e s  conf i rms  t h e  n o t i o n  o f  

condensa t ion  of m o i s t u r e  from t h e  o r i g i n a l  a i r  i n  t h e  c a s e .  
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F i g u r e  2.--Graph showing r e l a t i o n  between count  and w a t e r  t empera tu re  
f o r  mois t  room a i r  ( c i r c l e s )  and f o r  d r i e d  room a i r  ( s q u a r e s )  a t  
a tmospher ic  p r e s s u r e  w i t h i n  t h e  c a s e .  



VARIATION WITH CASE PRESSURE 

One would t h i n k  t h a t  t h e  a i r  w i t h i n  t h e  c a s e  would r e s t r i c t  t h e  move- 

ment o f  t h e  v i b r a t i n g  tube.  The more a i r  p r e s e n t ,  t h e  g r e a t e r  t h e  i n t e r -  

f e r e n c e  and t h e  l o n g e r  t h e  measured a v e r a g e  p e r i o d .  Having a p r e s s u r e  

t a p  i n  t h e  c a s e  p e r m i t t e d  a  test o f  t h e  v a r i a t i o n  o f  t h e  count  w i t h  t h e  

p r e s s u r e  o f  a i r  w i t h i n  t h e  case .  

The p rocedure  fol lowed was t o  r e d u c e  c a s e  p r e s s u r e  by 88 kPa, t h e n  

c i r c u l a t e  through t h e  U-tube w a t e r  which i s  main ta ined  w i t h i n  O.l°C o f  

t h e  d e s i r e d  t empera tu re .  The w a t e r  was c i r c u l a t e d  f o r  1 5  minu tes  so  t h a t  

a l l  p a r t s  of t h e  d e v i c e  were a t  n e a r l y  t h e  same tempera tu re .  Then t h r e e  

s u c c e s s i v e  c o u n t s  o f  t h e  cons tan t - t empera tu re  f low were o b t a i n e d .  Next 

a column of  d r y  s i l i c a  g e l  was a t t a c h e d  t o  t h e  gas  v a l v e  f i t t i n g  and t h e  

v a l v e  was opened s l i g h t l y .  When t h e  c a s e  vacuum reached kPa, t h e  v a l v e  

was c l o s e d .  Three  more r e a d i n g s  were o b t a i n e d  a t  t h e  same tempera tu re  

b e f o r e  r e p e a t i n g  t h e  v a l v e  o p e r a t i o n .  I n  l i k e  manner, r e a d i n g s  were 

o b t a i n e d  a t  c a s e  vacuums of 51, 34, 17 ,  and 0 (a tmospher ic  p r e s s u r e )  kPa 

a t  t h e  same w a t e r  t empera tu re .  The w a t e r  t e m p e r a t u r e  was t h e n  lowered 

5  t o  6OC and t h e  e n t i r e  o p e r a t i o n  r e p e a t e d .  

The d a t a  a r e  summarized i n  f i g u r e  3. The c u r v e s  show a  s t r o n g  

fami ly  resemblence t o  t h e  "dry" c u r v e  o f  f i g u r e  2. The s y s t e m a t i c  

s h i f t i n g  of t h e  c u r v e s  w i t h  r e g u l a r  changes  i n  c a s e  p r e s s u r e  i n d i c a t e s  

t h a t  d a t a  o b t a i n e d  w i t h  p o s i t i v e  p r e s s u r e s  would show s i m i l a r  r e g u l a r  

s h i f t s .  Data were  n o t  c o l l e c t e d  w i t h  p o s i t i v e  p r e s s u r e s ,  however, 

because  o f  t h e  l u b r i c a t i n g  o i l  i n  t h e  ~ u m p ' s  exhaus t  ( p r e s s u r f z e d )  a i r .  

Regard less ,  t h e  r e g u l a r i t y  o f  t h e  s h i f t i n g  o f  t h e  c u r v e s  w i t h  vacuum l e d  

t o  t h e  p l o t t i n g  of t h e  d a t a  i n  f i g u r e  4 ,  The d i f f e r e n t i a l  c o u n t s  are 

p l o t t e d  f o r  t h e  r a n g e  of p r e s s u r e s  and f o r  two t e m p e r a t u r e s ,  4  and 21°C. 

A v e r y  r e g u l a r  s h i f t  w i t h  change i n  p r e s s u r e  i s  i n d i c a t e d  by t h e  p l o t .  

Each a d d i t i o n a l  k i l o p a s c a l  of vacuum l o w e r s  t h e  coun t  by about  4.5. 
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F i g u r e  3 .  --Graph showing r e l a t i o n  between count  and w a t e r  t empera tu re  f o r  
d i f f e r e n t  c a s e  p r e s s u r e s .  The number a t  t h e  peak o f  each c u r v e  i s  t h e  
vacuum gage p r e s s u r e ,  i n  k i l o p a s c a l s .  Atmospheric p r e s s u r e  i s  shown 
a s  0 kPa. 



N
E
T
 
D
E
C
R
E
A
S
E
 
IN
 
C
O
U
N
T
 

m
 
3
 
ri
 

'd
 

m
 

m
 
+'

 
rt

 
P

, 
P

, 
n
 

n
 

I-'
. 

C
 

0
 

I
3

 



OPERATION I N  THE VERTICAL POSITION 

The v i b r a t i n g  U-tube normal ly  i s  o p e r a t e d  i n  t h e  h o r i z o n t a l  p o s i t i o n ;  

t h a t  is,  t h e  U is  i n  t h e  h o r i z o n t a l  p lane.  Three  o t h e r  p o s i t i o n s  a r e  

p o s s i b l e :  1 )  a  l a z y  p o s i t i o n  w i t h  t h e  U on i t s  s i d e  and one p o r t  i n l e t  

o r  o u t l e t  above t h e  o t h e r ;  2) w i t h  t h e  U a s  i n  t h e  normal p r i n t e d  posi -  

t i o n - - i n l e t  and o u t l e t  p o r t s  above and t h e  curved p a r t  of t h e  t u b e  below; 

and 3) w i t h  t h e  U i n v e r t e d - - i n l e t  and o u t l e t  p o r t s  below and t h e  curved 

p a r t  uppermost. The lazy-U p o s i t i o n  o f f e r s  no advan tages  i n  o p e r a t i o n .  

The inverted-U p o s i t i o n  l e t s  t h e  c o a r s e  suspended m a t e r i a l s  s e t t l e  away 

from t h e  s e n s i n g  zone when t h e  f low i s  s topped.  Th is  a l l o w s  t h e  o p e r a t o r  

t o  o b t a i n  a " c l e a r  water"  measurement a t  r e g u l a r  i n t e r v a l s .  On t h e  o t h e r  

hand, a i r  bubbles  must b e  e l i m i n a t e d  from t h e  f low o r  t h e y  w i l l  c a u s e  

e r r o r s .  

O p e r a t i n g  t h e  U-tube i n  t h e  o t h e r  v e r t i c a l  p o s i t i o n ,  u p r i g h t ,  as on 

a p r i n t e d  page,  w i t h  t h e  i n l e t  and o u t l e t  p o r t s  up makes t h e  ins t rument  

v e r y  s e n s i t i v e  t o  sediment which s e t t l e s  t o  t h e  bottom of  t h e  t u b e  i f  t h e  

f l o w  i s  s topped .  One p o s s i b l e  b e n e f i t  would b e  t o  measure v e r y  low con- 

c e n t r a t i o n s  of c o a r s e  p a r t i c l e s .  Another p o s s i b i l i t y  i s  t o  u s e  t h e  

ins t rument  t o  de te rmine  p a r t i c l e - s i z e  d i s t r i b u t i o n  by r e c o r d i n g  t h e  

i n c r e a s e  i n  count  w i t h  t ime ,  a s  t h e  p a r t i c l e s  s e t t l e  t o  t h e  bottom of 

t h e  tube .  

Two q u e s t i o n s  a r e  r a i s e d  when o p e r a t i n g  i n  t h e  upright-U p o s i t i o n ,  

however. The f i r s t  q u e s t i o n  concerns  t h e  f low r a t e  needed t o  i n s u r e  t h a t  

c o a r s e  p a r t i c l e s  do n o t  s e t t l e  i n  t h e  t u b e  d u r i n g  o p e r a t i o n .  A t  a n  

i n s u f f i c i e n t  f low r a t e ,  t h e  p a r t i c l e s  w i l l  n o t  l e a v e  t h e  t u b e  a s  f r e -  

q u e n t l y  as t h e y  e n t e r .  T h i s  w i l l  c a u s e  an i n c r e a s e  i n  c o n c e n t r a t i o n .  

Sk inner  and Beverage (1982) concluded t h a t ,  f o r  t h e  h o r i z o n t a l  p o s i t i o n ,  

a f low r a t e  i n  e x c e s s  of 85 m ~ / s  ( m i l l i l i t e r s  p e r  second) would produce 

l e s s  s c a t t e r  i n  t h e  c o u n t s  t h a n  a t  lower f low r a t e s .  I n  t h e  v e r t i c a l  

p o s i t i o n ,  t e s t s  conducted a t  1 1 3  m ~ / s ,  ( t h e  h i g h e s t  f low r a t e )  gave 

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

The second q u e s t i o n  r e g a r d i n g  t h e  v e r t i c a l  p o s i t i o n  concerns  p o s s i b l e  

p a r t i c l e - s i z e  e f f e c t s ,  such as s e g r e g a t i o n  o r  re -en t ra inment  due t o  t h e  

v i b r a t i n g  tube .  To t e s t  t h i s  p o s s i b i l i t y ,  s m a l l  amounts o f  pre-weighed 

sediment from s i x  na r rowly  s i e v e d  s i z e  ranges ,  from 62 t o  1000 pm 



(mic romete rs ) ,  were  added t o  t h e  U-tube. The t u b e  p r e v i o u s l y  had been  

f i l l e d  w i t h  d i s t i l l e d  w a t e r  and a l lowed t o  come t o  room tempera tu re  

o v e r n i g h t .  The sample o f  sediment was added t o  t h e  t u b e  and a l lowed  t o  

s e t t l e  t h r e e  t o  f i v e  minu tes .  Counts were  t h e n  t a k e n  u n t i l  a t  l e a s t  

t h r e e  c o n s e c u t i v e  c o u n t s  were w i t h i n  a coup le  o f  u n i t s  of each o t h e r ,  

t h e  normal s c a t t e r .  These c o n s e c u t i v e  coun ts  were  averaged and t h e  b a s e  

coun t ,  t a k e n  w i t h  o n l y  d i s t i l l e d  w a t e r  b e f o r e  t h e  t e s t ,  was s u b t r a c t e d .  

Three  s e p a r a t e  tests a r e  shown p l o t t e d  i n  f i g u r e  5 a g a i n s t  t h e  t o t a l  

added sediment  mass. The f i r s t  and second,  r e s p e c t i v e l y ,  a r e  f o r  s e d i -  

ment i n  t h e  833 t o  1000 v m  and 420 t o  500 pm r a n g e s .  Both were conducted 

a t  a t empera tu re  of 24.7OC. The t h i r d  t e s t  was a t  a l a t e r  d a t e  when t h e  

t e m p e r a t u r e  was 23.8"C. A t  t h a t  t ime  sediment  was added i n  f o u r  ranges :  

210 t o  250 pm, 115  t o  125  pm, and 62 t o  88 u m .  

The d a t a  f o r  f i n e  m a t e r i a l  i n  f i g u r e  5 p l o t s  s l i g h t l y  lower  t h a n  

d a t a  f o r  c o a r s e  m a t e r i a l .  The d i f f e r e n c e  is  t o o  s m a l l ,  however, t o  con- 

c l u d e  t h a t  s e g r e g a t i o n  o r  re -en t ra inment  took  p l a c e .  Temperature d i d  n o t  

appear  t o  b e  a f a c t o r  because  t h e  d a t a  f o r  c o a r s e r  p a r t i c l e s  i n  t h e  t h i r d  

t e s t  p l o t  o v e r  t h e  d a t a  f o r  t h e  f i r s t  two t e s t s .  

The s e n s i t i v i t y  o f  t h e  i n s t r u m e n t  i n c r e a s e d  by a f a c t o r  o f  abou t  

f i v e  due t o  s e t t l i n g  t o  t h e  bot tom of  t h e  v e r t i c a l l y  mounted tube .  The 

f a c t o r s ,  which ranged from 4.8 t o  6.3,  were  c a l c u l a t e d  by d i v i d i n g  t h e  

count  from f i g u r e  5 a t  1.00 g mass by t h e  count  e s t i m a t e d  from r e g r e s s i o n  

e q u a t i o n s  f o r  t h e  U-tube i n  a h o r i z o n t a l  p o s i t i o n  ( t a b l e  A-1, Sk inner  

and Beverage,  1982) .  The t r i a n g u l a r  p o i n t  i n  t h e  lower  r i g h t  o f  f i g u r e  5 

i s  t h e  mean e s t i m a t e d  coun t  f o r  1 . 0 0  g mass computed from t a b l e  A-1 f o r  

pumped m i x t u r e s  . 

REFERENCE OSCILLATOR STABILITY 

A v e r y  s t a b l e  f requency i s  t h e  pr imary requ i rement  o f  t h e  r e f e r e n c e  

o s c i l l a t o r ,  O s c i l l a t i n g  a t  an  e x a c t  f requency  i s  n o t  a requ i rement ,  a s  

l o n g  as t h e  s e l e c t e d  f requency i s  v e r y  s t a b l e .  The f requency shou ld  b e  

h i g h  enough t o  a l l o w  d i v i s i o n  o f  t h e  U-tube's v i b r a t i o n a l  p e r i o d  i n t o  a 

s u f f i c i e n t  number of p a r t s  f o r  t h e  r e q u i r e d  accuracy .  The e a r l i e r  r e p o r t  

(Sk inner  and Beverage,  1982) d e s c r i b e d  a 1.2.8 kHz r e f e r e n c e  o s c i l l a t o r  

which o s c i l l a t e s  a t  about  108 t i m e s  t h e  U-tube's f requency.  



CUMULATIVE SEDIMENT MASS, I N  GRAMS 

F i g u r e  5.--Graph showing r e l a t i o n  be tween n e t  c o u n t  ( c o u n t  w i t h  s e d i -  
ment less t h e  d i s t i l l e d - w a t e r  c o u n t )  and c u m u l a t i v e  sed imen t  mass. 
The w a t e r  s t o o d  q u i e t l y  i n  t h e  u p r i g h t  U-tube a t  ambien t  t e m p e r a t u r e .  
Data f rom t h r e e  t e s t s  a r e  shown. The s q u a r e s  a r e  f o r  s ed imen t  s i e v e d  
t o  833 t o  1000  pm ( m i c r o m e t e r s )  and t h e  open c i r c l e s  f o r  420 t o  500 pm, 
The s o l i d  c i r c l e s  a r e  f o r  f o u r  s i z e s :  210 t o  250,  1 1 5  t o  1 2 5 ,  88 t o  
105 ,  and 62-88 um added i n  t h a t  o r d e r .  The s o l i d  l i n e  was computed 
by l e a s t  s q u a r e s .  The t r i a n g u l a r  p o i n t  r e p r e s e n t s  t h e  mean e s t i m a t e d  
c o u n t  f o r  1 .009  grams computed f rom S k i n n e r  and Beve rage  (1982,  t a b l e  
A-1) f o r  t h e  h o r i z o n t a l  p o s i t i o n  and pumped m i x t u r e s .  



The 12 .8  kHz o s c i l l a t o r  o p e r a t e d  i n s i d e  an  oven h e a t e d  by 115-Vac 

power. The h e a t e r  i n  t h e  oven was swi tched on and o f f  w i t h  a snap-ac t ion  

t h e r m o s t a t i c  s w i t c h  hav ing  a h y s t e r e s i s  o f  s e v e r a l  degrees  C e l s i u s .  The 

s w i t c h i n g  a c t i o n  o c c a s i o n a l l y  caused e l e c t r i c a l  i n t e r f e r e n c e  which was 

p icked  up by t h e  c o u n t e r s  and gave e r roneous  coun ts .  The h y s t e r e s i s  i n  

t h e  t h e r m o s t a t i c  s w i t c h  produced a  r i s i n g  and f a l l i n g  o s c i l l a t o r  f requency.  

The f requency  swing, which was about  h a l f  a  p a r t  p e r  mi l . l ion ,  was b a r e l y  

below d e t e c t i o n  by t h e  o u t p u t  c o u n t e r ,  b u t  might w e l l  add w i t h  a n o t h e r  

e f f e c t  t o  change t h e  count.  

For t h e s e  r e a s o n s  ( e l e c t r i c a l  i n t e r f e r e n c e  and h y s t e r e s i s ) ,  a  more 

s t a b l e  o s c i l l a t o r - o v e n  combinat ion was chosen f o r  upgrading t h e  c i r c u i t r y :  

a commercial temperature-compensated c r y s t a l  o s c i l l a t o r  (TCXO) w i t h  a  

f requency  s t a b i l i t y  o f  0.55 p a r t s  p e r  m i l l i o n  w i t h i n  t h e  t empera tu re  

range  of 25 t o  35OC. A d d i t i o n a l  s t a b i l i t y  was o b t a i n e d  by wrapping t h e  

o s c i l l a t o r  w i t h  one-s ix teen th- inch  aluminum h e a t e d  t o  33OC by a n  e l e c t r o n i c  

feedback  c i r c u i t ,  and w i t h  t h e  e n t i r e  u n i t  a l s o  wrapped i n  i n s u l a t i o n .  

Also,  a  h i g h  f requency of 20 kHz was chosen f o r  t h e  TCXO. Higher f r e -  

quency improves t h e  s e n s i t i v i t y  of t h e  i n s t r u m e n t ,  bu t  does  n o t  neces- 

s a r i l y  improve t h e  accuracy.  I n  t h e  p r e s e n t  c a s e ,  however, t h e r e  is  an  

i n p u t  f requency  l i m i t  of 25 kHz f o r  t h e  d i s p l a y  c o u n t e r .  The s e l e c t i o n  

of 20 kHz f o r  t h e  TCXO i s  t h u s  a  compromise w i t h  e x i s t i n g  hardware s p e c i -  

f i c a t i o n s .  A s  i t  is ,  t h e  TCXO o s c i l l a t e s  about  169 t imes  f o r  each c y c l e  

of t h e  U-tube. T h i s  works o u t  t o  each count  b e i n g  equa l  t o  about  7 m i l l i -  

grams per  l i t e r .  

How much s t a b i l i t y  i s  r e q u i r e d ?  A working d e f i n i t i o n  shou ld  b e  i n  

t e rms  r e l a t e d  t o  t h e  o u t p u t  measurement: l e s s  t h a n  one coun t  change 

between r e c a l i b r a t i o n s  of t h e  U-tube. The most l i k e l y  c o n t r o l  scheme 

w i l l  r e q u i r e  r e c a l i b r a t i o n  ( d e t e r m i n a t i o n  of t h e  "zero" count  f o r  s e d i -  

ment-f ree  w a t e r )  about  every  t h r e e  hours .  During a n  e ight-day t e s t  t h e  

TCXO f requency  d r i f t e d  0.0049 Hz, which was e q u i v a l e n t  t o  abou t  0.39 

c o u n t s .  The maximum d r i f t  i n  any three-hour  p e r i o d  was f a r  l e s s  t h a n  

t h i s  f i g u r e .  

The e ight-day t e s t  was c a r r i e d  o u t  i n  a  room w i t h  l i t t l e  change i n  

t empera tu re .  To t e s t  t h e  e f f e c t  of t empera tu re ,  h e a t e d  a i r  was blown 

around t h e  e l e c t r o n i c  c i r c u i t r y .  The h e a t  was removed a f t e r  h a l f  an  



hour. The t e m p e r a t u r e  of t h e  o s c i l l a t o r  r o s e  above 33"C, c a u s i n g  t h e  

f requency t o  d r i f t  0.0066 Hz, which was e q u i v a l e n t  t o  about  1 . 0  count .  

More t h a n  two hours  was r e q u i r e d  t o  r e t u r n  t o  a normal count .  Although 

tempera tu res  exceeding 33OC are l i k e l y  t o  b e  found i n  a  f i e l d  s i t u a t i o n ,  

a  r a p i d  i n c r e a s e  o f  15OC o r  more i n  t h e  TCXO t e m p e r a t u r e  i n  a  3-hour 

i n t e r v a l  i s  n o t  cons idered  l i k e l y .  

DISCUSSION 

The inverted-U shape  of t h e  "dry" c u r v e  i n  f i g u r e  2 r a i s e s  t h e  

q u e s t i o n  of o p e r a t i n g  t h e  d e v i c e  over  t h e  f u l l  t e m p e r a t u r e  range.  The 

p o s s i b l e  problem a r i s e s  because  a  g iven  count does  n o t  un ique ly  r e l a t e  

t o  a  s i n g l e  t empera tu re .  The d e n s i t y  of p u r e  water a t  t h e  measurement 

t empera tu re  must be  known s o  t h a t  i t  may b e  s u b t r a c t e d  from t h e  r i v e r -  

wa te r  measurement t o  o b t a i n  t h e  e s t i m a t e  of sediment  c o n c e n t r a t i o n .  Two 

methods o f f e r  s o l u t i o n s .  The s i m p l e s t  method i s  t o  measure t h e  tempera- 

t u r e  of t h e  r i v e r  wa te r .  The measurement should b e  a c c u r a t e  t o  O.Ol°C. 

The o t h e r  method i n v o l v e s  r e p e a t i n g  t h e  measurement c y c l e  w i t h  a  r e f e r e n c e  

l i q u i d  main ta ined  a t  t h e  same tempera tu re  as t h e  r i v e r  w a t e r .  A conser -  

v a t i v e l y  des igned  i n s t r u m e n t  should employ b o t h  methods. 

The v i b r a t i n g  U-tube is welded i n t o  a  s t e e l  c a s e .  The p r o p e r t i e s  

of t h e  a i r  t r a p p e d  i n s i d e  t h e  c a s e  a f f e c t s  t h e  c a l i b r a t i o n  of t h e  u n i t .  

Humidity, of c o u r s e ,  i s  obvious .  More s u b t l e  e f f e c t s  would i n c l u d e  tem- 

perature-dependent  p r o p e r t i e s  such a s  v i s c o s i t y .  The a i r  d e n s i t y  would 

change o n l y  a s  t h e  c a s e  volume i t s e l f  changed because  of t empera tu re  

changes.  I f  t h e s e  e f f e c t s  seem i n c o n s e q u e n t i a l ,  t h e  r e a d e r  i s  reminded 

t h a t  t h e  d e s i r e d  measurement increment i s  v e r y  s m a l l  a l s o .  Indeed,  sec -  

ondary e f f e c t s  loom q u i t e  l a r g e  when one  measures such s m a l l  q u a n t i t i e s .  

I f  t h e s e  e f f e c t s  can be  e l i m i n a t e d ,  minimized, o r  compensated, t h e n  t h e  

c a l i b r a t i o n  e f f o r t  is g r e a t l y  reduced. Removing as much a i r  a s  p o s s i b l e  

from t h e  c a s e  should r e d u c e  some of t h e s e  secondary e f f e c t s .  

A s  t h e  a i r  p r e s s u r e  w i t h i n  t h e  c a s e  i s  lowered,  t h e r e  is  l e s s  a i r  

mass t o  b e  moved a s i d e  by t h e  v i b r a t i n g  t u b e  and t h e r e  i s  l e s s  d r a g  on 

t h e  tube .  Meeting l e s s  r e s i s t a n c e  t h e  t u b e  v i b r a t e s  f a s t e r .  T h i s  i s  

shown i n  f i g u r e  3  by a  d e c r e a s i n g  count  a s  t h e  vacuum i n c r e a s e s .  The 

i n f l u e n c e  of t e m p e r a t u r e  dependent p r o p e r t i e s  of a i r ,  however smal l ,  i s  

minimized by o p e r a t i n g  t h e  U-tube w i t h  a  r e a s o n a b l e  vacuum. 
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The p r e s e n t  r e f e r e n c e  o s c i l l a t o r  should  perform a c c e p t a b l y  w e l l  a t  

ambient a i r  t e m p e r a t u r e s  between 15" and 35°C. The u n i t  was n o t  t e s t e d  

below 15"C, and i t  i s  p o s s i b l e  t h a t  a  more powerful  h e a t e r  may be  needed. 

S u i t a b l e  o p e r a t i o n  above 35°C w i l l  depend on how r a p i d l y  t h e  t e m p e r a t u r e  

rises o r  f a l l s ,  how h i g h  i t  r i s e s ,  and how s t e a d y  it remains .  A TCXO may 

become q u i t e  s e n s i t i v e  t o  t e m p e r a t u r e  o u t s i d e  of i t s  s p e c i f i c a t i o n  range.  

I f  more s t a b i l i t y  o r  a wider  o p e r a t i n g  t e m p e r a t u r e  r a n g e  become n e c e s s a r y ,  

v e r y  s t a b l e  o s c i l l a t o r s  a r e  commercia l ly  a v a i l a b l e  w i t h  o u t p u t s  which a r e  

e s s e n t i a l l y  independent  o f  ambient a i r  t empera tu re .  These o s c i l l a t o r s  

a r e  b u i l t  i n t o  smal l  ovens  which u s e  a  compara t ive ly  l a r g e  amount of 

power, 5  t o  1 5  w a t t s  compared t o  t h e  0.56 w a t t s  of t h e  p r e s e n t  i n s t r u m e n t ,  

and a r e  v e r y  expensive .  I n  a d d i t i o n ,  oven-type o s c i l l a t o r s  would r e q u i r e  

a  s e p a r a t e  power supp ly  and b u f f e r  c i r c u i t s .  

CONCLUSIONS 

1. The condensa t ion  of humid i ty  w i t h i n  t h e  c a s e  caused t h e  s c a t t e r e d  

r e a d i n g s  found i n  e a r l i e r  s t u d i e s  a t  w a t e r  t e m p e r a t u r e s  below 12°C. 

Replacing t h e  humid a i r  i n  t h e  c a s e  w i t h  d r y  a i r  a t  ambient p r e s s u r e  

e l i m i n a t e d  t h e  s c a t t e r e d  r e a d i n g s  a t  lower t e m p e r a t u r e s .  

2. The a i r  w i t h i n  t h e  c a s e  s lows t h e  v i b r a t i o n  of t h e  U-tube. Reducing 

t h e  a i r  p r e s s u r e  by one k i l o p a s c a l  l o w e r s  t h e  average  p e r i o d  abou t  

4.5 coun ts .  

3. Because v i s c o s i t y  and o t h e r  p r o p e r t i e s  of a i r  a r e  t e m p e r a t u r e  depen- 

d e n t ,  f u t u r e  s t u d i e s  w i l l  u s e  an evacuated c a s e .  

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

1 1 3  mL/s i s  s u f f i c i e n t  t o  p r e v e n t  d e p o s i t i o n  of c o a r s e  sed iments .  

Stopping t h e  f low and l e t t i n g  t h e  sediment s e t t l e  i n c r e a s e s  t h e  

s e n s i t i v i t y  of t h e  ins t rument  by a  f a c t o r  o f  f i v e .  

5. The r e f e r e n c e  o s c i l l a t o r  i s  s u f f i c i e n t l y  s t a b l e  f o r  o p e r a t i o n  a t  

ambient t empera tu res  between 1 5 "  and 35°C. The u n i t  was n o t  t e s t e d  

below 15°C. 
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